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INTRODUCTION AND SUMIURY 

Section I of this interim report documents the Phase I 

design study effort for development of a Custom Metal- 

lized Multigate Array. Major areas of design investi- 

gation during this study were: 

(1) Fabrication techniques and process design; 

(2) Circuit design and analysis; 

(3) Die organization and topological studies; 

(4) Multi-level interconnect system studies; 

(5) Radiation effects analyses; and 

(6) Development of test concepts and general test 

philosophy. 

Each of the above investigations were constrained by 

an3 related to the prime program development objective 

of reliability. The Phase 1.reliability study effort 

is documented as Sction I1 of this interim report. 

Reliability aspects of the proposed design approach 

documented in Section I of this report are considered 

in detail in Section 11. 

The proposed design approach to the CYIf4A involves the 

following major aspects: (1) Fabrication of an array of 

92 three-input, open-collector NAND gates; 24 three-input, 

active pull-up BAND gates; and 24 three-input extender 

and resistor pull-up cells. Die size of this array is 

approximately 104 mils by 134 mils. (2) Fabrication 

of this array through a minimum complexity, high packing 

density epitaxial base process. The proposed wafer 



fabrication process requires three selective and 

one non-selective diffusions and one epitaxial 

deposition. (3) Component interconnection and 

custom gate interconnection through use of a two- 

level aluminum-silicon dioxide-aluminum metallization 

system and a diffused power and ground distribution 

system. Intra-cell wiring and second level cross- 

unders are accomplished with a fixed first level 

metallization; Inter-cell wiring to realize a specific 

custom logic function is accomplished with a custom 

second level metallization pattern. 

Principal accomplishments and results of the Phase I 
. 

. . Design Study include the following: (1) Optimization 

of the epitaxial base process for the CbIMA application 

and fabrication and characterization of devices suit- . 

able for application in the Multigate Array, (2) Design 

and analysis of circuit structures required for mechani- 

zation of the proposed Multigate Array; (3) Performance 

of process verification and reliability studies on the 

two-level metallization system; (4) Analysis of device 

degradation effects after exposure to the specified 

radiation environment; (5) Development of a proposed 

die organization; and (6) Study and definition of 

alternate mDlA test concepts at probe and package level. 

Biajor problem and/or trade-off areas which have been 

defined as a result of the Phase I design study include: 



(1) Power-speed o b j e c t i v e s  have not  simultaneously 

been achieved. Fur the r  s tudy and a  probable trade- 

o f f  w i l l  be required i n  t h i s  a r e a .  ( 2 )  Noise margin 

o b j e c t i v e s  a r e  not  met a t  high temperature (125O~)  

and low vo l t age  ( 3 . 6 V ) .  A probable r e l a x a t i o n  w i l l  

be r equ i red  i n  t h i s  a r e a .  ( 3 )  Breakdown vo l t ages  

which can be repeatedly  achieved without degradat ion  

i n  r e l i a b i l i t y ,  y i e l d ,  and performance a r e  l e s s  than  

t h e  s p e c i f i e d  absolu te  maximum r a t i n g  of 8 v o l t s .  

A r e l a x a t i o n  w i l l  be r equ i red  i n  t h i s  a rea .  ( 4 )  Oxide 

and metal  th icknesses  f o r  t h e  two-level in terconnect  

system have not  been optimized f o r  y i e l d  and r e l i a b i l i t y .  

Fur the r  s tudy i s  requi red .  (5)  Def in i t ion  of t e s t  

methods t o  optimize r e l i a b i l i t y  assurance which a r e  

t e c h n i c a l l y  and economically f e a s i b l e  has not  been 

accomplished. Fur ther  i n v e s t i g a t i o n  and t rade-off  

s t u d i e s  a r e  requi red .  



RECOMMENDATIONS 

The fo l lowing  recommendations a r e  submit ted:  

1) Continue t h e  e f f o r t  as o u t l i n e d  i n  t h e  work 

s t a t emen t  f o r  Phase I1 of  t h e  c o n t r a c t  excep t  a s  

modified h e r e i n .  

2 )  Adopt t h e  des ign  approach desc r ibed  i n  t h i s  

r e p o r t  w i t h  a d d i t i o n a l  c o n s i d e r a t i o n  i n  t h e  

fo l lowing  a r e a s .  

3 )  Continue c i r c u i t  mechanizat ion and a n a l y s i s  t o  

determine optimum power/speed and n o i s e  margin 

performance. Included i n  t h i s  e f f o r t  should  be 

c o n s i d e r a t i o n  o f  a l t e r n a t e  c i r c u i t  mechanizat ions .  

4 )  Perform p o s t  r a d i a t i o n  performance a n a l y s i s  

based on c a l c u l a t e d  dev ice  deg rada t ion  f o r  t h e  

h e r e i n  proposed e p i t a x i a l  base  p roces s .  I f  p o s s i b l e  

perform r a d i a t i o n  dev ice  t e s t i n g  t o  v e r i f y  c a l c u l a t e d  

deg rada t ion  f a c t o r s .  

5) Continue i n v e s t i g a t i o n  o f  t e s t  methods and tech-  

n iques  i n c l u d i n g  t h e  cjuestioi o f  i n d i v i d u a l  g a t e  probe 

t e s t i n g .  

6) Adopt t h e  programmable tester  concept  a s  desc r ibed  

i n  Sec t ion  3 .7  o f  t h i s  r e p o r t .  T h i s  t e s t e r  concept  i s  

. recommended i n  l i e u  of t h e  custonl t e s t e r  concept  ou t -  

l i n e d  i n  t h e  s t a t emen t  o f  work. 
1-4 



CPWLA PHASE I DESIGN SUMMARY 

Design Requirements and Ob jec t ives  

Primary Ob jec t ives  

The pr imary o b j e c t i v e s  s h a l l  be  t h e  d e s i g n  and f a b r i -  

c a t i o n  of a  low power b i -po la r  mono l i t h i c  i n t e g r a t e d  

c i r c u i t  whose f u n c t i o n  can be determined by vary ing  

t h e  i n t e r c o n n e c t  m e t a l l i z a t i o n  p a t t e r n ( s ) .  The des ign  

s h a l l  be  governed by t h e  fo l lowing  c o n s i d e r a t i o n s ,  

l i s t e d  i n  o r d e r  of dec reas ing  importance.  

R e l i a b i l i t y :  R e l i a b i l i t y  s h a l l  be  cons idered  t o  be 

of prime importance and s h a l l  i n f l u e n c e  a l l  phases  of 

d e s i g n  and f a b r i c a t i o n .  

P roces s  s i m p l i c i t y :  The number of d i s c r e t e  f a b r i c a t i o n  

p r o c e s s e s  s h a l l  be k e p t  t o  a'minimum. A l l  p rocesses  

s h a l l  be  w i t h i n  t h e  s t a t e - o f - t h e - a r t  and w i t h i n  f a b r i -  

c a t i o n  c a p a b i l i t y  of more than  one manufacturer ,  bu t  

need. n o t  r e f l e c t  c u r r e n t  manufactur ing techniques  where 

t h i s  could l e a d  t o  p o s s i b l e  e a r l y  obsolescence..  

Power consumption: Refer  t o  Sec t ion  3.1.3.5 

Func t iona l  f l e x i b i l i t y :  Refer  t o  Sec t ion  3 .1 .3-6  

Noise 2munity: Refer  t o  Sec t ion  3.1.3.7 

Frequency of o p e r a t i o n :  'Refer  t o  S e c t i o n  3.1.3.8 

1-5 



3-1.2 Functional requirements 

The MA shall be designed for functional flexibility. 

A minimum requirement shall be the capability of 

performing a variety of logic functions by defining 

variations in the metallization interconnect pattern(s) 

without moclification to the circuitry on the die. The 

MA shall be composed of the functional organization 

and shall operate according to the electrical and 

environmental requirements specified herein. 

3.1.3 Electrical reauirements 

3.1.3.1 Logic levels: 

a. Logic "1": +2.4 to $5.5 volts 

b.- Logic "0": 0.0 to +0.4 volt 

3.1.3.2 Interfaces: All inputs and outputs shall be compatible 

with a TTL or DTL logic interface. All standard gate 

outputs shall be open collector, grounded emitter 

transistors. 

3.1.3.3 Power supply: One power supply voltage shall be allowed. 

The voltage operating range shall be +3.6 to +5.5 volts. 

# 

3.1.3.4 Overvoltage: The design shall require that the MA with 

any metallization pattern shall not be damaged by appli- 

cation of +8.0 volts to the power supply node of r , y  gat 

or application of +5.5 volts to any other input or outpu 

node of any gate, with the exception of the fan-in extens-Lon 

nodes. 
1-6 



3.1.3.5 Power consumption: The following information shall be 

considered design goals, rather than design requirements. 

Improvements in these goals will be given favorable 

consideration. 

a. Standard gate output "1" power consumption: The 

power consumption of any standard gate of the MA shall 

not exceed 0.20 milliwatt (mw) under the following test 

conditions: 

a. Temperature: +25O~. 

b. Supply voltage: +5.0 vdc. 

c. Gate inputs: Logic "0". 

d. Gate outputs: No connection. 

b. Standard gate output "0" power consumption: The 

power consumption of any standard gate of the MA shall 

not exceed 0.50 mw under the following test conditions: 

a, Temperature: +25O~. 

b. Supply voltage: +5.0 vdc. 

c. Gake inputs: Logic "1". 

d. Gate outputs: No connection. 

c. Driver gate output "1" power consumption: The power 

consumption of any driver gate of the P?rB shall not exceed 

0.80 mw under the following test conditions: 

a. Temperature: + 2 5 O ~ .  

b. Supply voltage: +5.0 vdc. 

c. Gate inputs: Logic '*On. 

d. Gake'outputs: No connection. 



d. Driver gate output "0" power consumption: The 

power consumption of any driver gate of the MA shall 

not exceed 2.0 mw under the following test conditions: 

a. Temperature: -t-25O~. 

b. Supply voltage: 4-5.0vdc. 

c. Gate inputs: Logic "1". 

d. Gate outputs: No cohnection. 

3.1.3.6 Functional flexibility: The MA shall be designed with 

sufficient flexibility to enable the fabrication of a 

wide variety of logic functions by employing JPL specified 

interconnect metallization pattern(s). The MA shall in- 

clude, but not necessarily be limited to, the following 

functional capabilities. 

a. Interconnection crossover capability: The filA with 

any metallization pattern(s) shall have the capability 

of employing a minimurn of 200 electrical crossovers. 

b. Standard gate fan-out:' The MA shall include a 

minimum of 75 gates capable of driving a load equal to 

a minimum of 12 standard gates with no output pull-up or 

a minimum of 11 standard gates with an output pull-up 

after being subjected to specified radiation environment 

(see 3.5) . 
c. Driver gate fan-out: The MA shall include a minimum 

of 25 gates capable of driving a load equal to a minimum 

of 50 standard gates with no output pull-up or a minimum 

of 49 stand-ard gates with an output pull-up after being 

subjected to specified radiation environment (see 3.5). 



d. Gate fan-in: A11 gates of the MA shall have a fan-in 

capability of three with the additional capability of fan- 

in extention. 

e. Fan-in extention: The MA shall have the capability 

to expand the fan-in of any gate to a minimum of 12 by 

the use of fan-in extenders located in the blA and connected 

to the expanded gate by means of the interconnect metalli- 

zation pattern(s). A minimum of 2 4  extenders with a fan- 

in of three each shall be available for this function. 

f. Gate output pull-up: The MA shall include the capability 

to connect passive pull-up to any gate by the use of pull- 

up resistors located in the MA and connected to the gate 

by means of the interconnect metallization pattern(s). 

A minimuin of 4 8  pull-up resistors shall be available for 

this function, 2 4  of which shall equal a load of one standard 

gate and 2 4  of which shall .equal a load. of 10 standard 

gates. 

g. Supply voltage interconnect: The MA shall have the 

capability to avoid applying power to a Large portion of 

those gates not necessary to implement the required logic 

function. 

h. Logic flip-flop capability: The MA shall have the 

capability to employ gates to implement the logic function 

of a R-S flip-flop. 

3.1.3.7 Noise immunity: The MA shall not malfunction when sub- 

jected to any of the foblowiny noise conditions at any 

temperature within the operating temperature range. 



a. Power supply no i se :  Voltage s p i k e s  on t h e  power and 

ground l i n e s  having a maximum ampli tude of  0.2 v o l t  peak- 

to-peak and having a  wid th  from 1 0  nanoseconds (nsec)  t o  

20 microseconds ( p s e c ) .  The f requency of t h e  s p i k e s  s h a l l  

n o t  exceed 1 0 0  k i l o c y c l e s  ( k c ) .  

b. S i g n a l  no i se :  Vol tage  s p i k e s  on t h e  s i g n a l  l i n e s  

having a  maximum ampl i tude  of - -I- 0.40 v o l t  and having a 

wid th  from lOnsec t o  2Oysec. The f requency of t h e  s p i k e s  

s h a l l  n o t  exceed 100 kc.' 

c. Power supply  turn-on: The g a t e  o u t p u t s  of t h e  MA 

s h a l l  r e a c h  t h e i r  r e q u i r e d  ou tpu t  l o g i c  levels,  as d e t e r -  

mined by t h e i r  i n p u t  l o g i c  l e v e l s ,  w i thou t  an  exces s ive  

power supply c u r r e n t  d r a i n  when power i s  a p p l i e d  i n  t h e  

fo l lowing  manner: 

A p p l i c a t i o n  of a s t e p  v o l t a g e  w i t h  a  r ise t ime  L O O  

nsec and amplitud-e of 4-5.0 v o l t s ,  through a  R-C 

f i l t e r  w i t h  a  r e s i s t a n c e  of  10 ohms and a capac i t ance  

o f  1 .0  microfarad  ( u f ) ,  t o  t h e  power supply node of  

t h e  g a t e .  

d. Power supply tu rn -o f f :  The g a t e  o u t p u t s  of t h e  MA 

s h a l l  r each  0.0 v o l t  w i thou t  an exces s ive  power supply 

c u r r e n t  d r a i n  when power i s  removed i n  t h e  fo l lowing  

manner : 

Decrease  of  power supply v o l t a g e  from 4-5.0 t o  0 . 0  

v o l t s ,  w i t h  a  f a l l  t ime of 1 0 0  nsec ,  through a  R-C 

f i l t e r  w i t h  a  r e s i s t a n c e  of 1 0  ohms and a capac i t ance  

of 1 . 0  ( p f )  , t o  t h e  power supply node of t h e  g a t e .  



Frequency of  o p e r a t i o n :  The fol lo ic ing in format ion  s h a l l  

be  cons ide red  d e s i g n  g o a l s  r a t h e r  t h a n  d e s i g n  r e q u i r e -  

ments. Improvements i n  t h e s e  g o a l s  w i l l  be g iven  favor -  

a b l e  c o n s i d e r a t i o n .  

a. S tandard  g a t e  p ropaga t ion  de lay :  The propaga t ion  

d e l a y  of any s t anda rd  g a t e  of t h e  Pi s h a l l  n o t  exceed 

t h e  v a l u e s  s p e c i f i e d  i n  Table  I when measured a s  s p e c i -  

f i e d  on F i g u r e  3.1-1. 

Table  I. Propaga t ion  Delay of  Standard Gates  

R = I s t anda rd  load .  

C = 1 s tanda rd  l o a d .  

N = s t anda rd  g a t e  fan-out .  

b. D r i v e r  g a t e  p ropaga t ion  de l ay :  The propaga t ion  

d e l a y  of any d r i v e r  g a t e  of  t h e  MA s h a l l  n o t  exceed 

t h e  v a l u e s  s p e c i f i e d  i n  Table  I1 when measured a s  

s p e c i f i e d  on F igu re  3.1.-2. 



Tab le  11. Propagat ion Delay of Dr ive r  Gates 

R = 1 s t a n d a r d  load .  

C = 1 s tanda rd  load .  

M = d r i v e r  g a t e  fan-out .  

3.1.4 Env i rom,en ta l  requ i rements  

3.1.4.1 Opera t ing  temperature:  The MA s h a l l  o p e r a t e  w i t h  c a s e  

t empera tu re s  from -55 t o  +125O~.  . 

3.1.4.2 S t o r a g e  tempera ture :  The ETA s h a l l  be  submit ted t o  h igh  

t empera tu re  s t o r a g e  p e r  MIL-STD-883, Method 1008, T e s t  

Cond i t i on  C (72 hours  a t  1 5 0 ~ ~ ) .  

3.1.4.3 Thermal shock: The MA s h a l l  b e  s u b j e c t e d  t o  thermal  

shock p e r  NIL-STD-883, Method 1011, T e s t  Condi t ion 

0 
A {Tmin = OOC, 'Smax = 100 C ,  5 minutes  a t  each extreme, 

t r a n s f e r  t i m e  l e s s  t han  10 seconds,  5 c y c l e s ) .  

3.1.4.4 Cen t r i fuge :  The l.IA s h a l l  be s u b j e c t e d  t o  c e n t r i f u g e  

t e s t i n g  p e r  MIL-STD-883, Method 2001, T e s t  Condi t ion 

E, Yl a x i s  on ly  (30,000 g ' s  f o r  1 m i n u t e ) .  



3.1.4.5 Hermeticity:  The MA s h a l l  be subjec ted  t o  a  g r o s s  

he rmet i c i ty  t e s t  a t  t h e  conclusion of t h e  environ- 

mental  t e s t s .  This  t e s t  s h a l l  be per  MIL-STD-883, 

Method 1 0 1 4 ,  Tes t  Condition D (pene t ran t  dye - f l o -  

u resce in )  . 

3.1.4.6 Radiation: The MA s h a l l  ope ra te  proper ly  while  being 

subjected t o  t h e  r a d i a t i o n  environment s p e c i f i e d  i n  

Sect ion  3.5 of t h i s  r e p o r t .  

3.1.4.7 S t e r i l i z a t i o n :  The performance of t h e  MA s h a l l  n o t  be 

degraded below requ i red  performance l e v e l s  when sub- 

j ec ted  t o  t h e  fol lowing s t e r i l i z a t i o n  environment: 

Dry hea t :  nonoperat ional  exposure t o  6 hea t  

c y c l e s  a t  a  maximum temperature of 1 3 5 O ~  f o r  

92 hours per  c y c l e  i n  a n i t rogen  atmosphere. 



PROPAGATION DELAY TEST SET UP 

FIGURE 3.1-1- 



3.2 D I E  ORGAKIZATION 

The implementation of  t h e  Mul t iga t e  Array c i r c u i t  

f u n c t i o n s  r e q u i r e  concepts  which a f f o r d  maximum f l e x i -  

b i l i t y  whi le  main ta in ing  a  h igh  padking d e n s i t y .  The 

concepts  u t i l i z e d  i n c l u d e ;  1) A d i f f u s e d  power and ground 

bus system which f r e e s  t h e  meta l  l a y e r s  f o r  i n t r a - g a t e  

and i n t e r - g a t e  wi r ing .  2 )  A two l e v e l  meta l  system, t h e  

second of which i s  v a r i e d  t o  r e a l i z e  a  s p e c i f i c  l o g i c  

f u n c t i o n ,  and 3)  p o s i t i o n i n g  of t h e  d i f f e r e n t  c e l l  t ypes  

i n  a manner t o  p rov ide  f o r  t h e i r  most e f f i c i e n t  usage.  

C e l l  Mat r ix  P a t t e r n  -- 
The die i s  organized i n  a  d u a l  ma t r ix  p a t t e r n  a s  shown 

i n  F i g u r e  3.2-1 wi th  t h e  l e f t  s i d e  of d i e  a m i r r o r  image 

of t h e  r i g h t .  A s t r i p  i n  t h e  c e n t e r  of t h e  d i e  i s  u t i -  

l i z e d  f o r 4 m e t a l  ground and V l i n e s .  Each m a t r i x  i s  a 
CC 

6 x 12  a r r a y  w i t h  t h e  v e r t i c a l  dimension of each c e l l  

t ype  c o n s t r a i n e d  t o  be a l i k e .  S ince  t h e i r  maximum usage 

w i l l  be as ou tpu t  i n t e r f a c e  dev ices ,  t h e  d r i v e r  g j i e s  

shown i n  F igu res  3.2-4 and 3.2-8 a r e  a r ranged  i n  columns 

a long  t h e  o u t s i d e  edge of  t h e  d i e .  For maximum f l e x i b i l i t - - ,  

t h e  e x t e n d e r  c e l l s ,  shown i n  F igu res  3.2-5 and 3.2-9 a r e  

c e n t r a l l y  l o c a t e d  wi th  r e s p e c t  t o  t h e  o t h e r  c e l l s  - a  

column i n  each h a l f  of t h e  d i e .  The remaining 4 columns 

i n  each  d i e  h a l f  c o n s i s t  of s t a n d a r d  g a t e  c e l l s ,  two 

v a r i a t i o n s  of  which a r e  shown i n  Figures 3.2-2, 3.2-6, 

3.2-3 and 3.2-7, p l u s  2 p o s i t i o n s  p e r  s i d e  t o  accommodate 

spec i a l  t e s t  s t r u c t u r e s .  This  o r g a n i z a t i o n  g i v e s  t h e  

added advantages  of more e f f i c i e n t  use of d i e  a r e a ,  



since differing cells need only be constrained in one 

dimension. 

Total gate count is then: 

24 Driver Gates 

92 Standard Gates 

24 Extender/Resistor pull-ups 

4 Test structure cells 

Power and Ground Bus System 

The bus system for power and ground on the die consists 

of aluminum mains on the second level of interconnect 

located down the center of the die and a distribution 

system of diffused lines which leaves the metal layers 

free for signal wiring as shown in Figure 3.2-10. The 

location of the main buses minimizes the length of the 

diffused'buses and makes it possible to split the Vcc 

line in dual logic functions so that each half may be 

separately energized. Additionally, if individual gate 

probe is to be accomplished, gates may still be ener- 

gized in small numbers; that is, in groups of 5. 

The V distribution line is-provided by the diffusions 
CC 

which delineate the resistors in the epi-base structure. 

This distribution bus then adds no area to the die. The 

ground distribution system is similarly formed by over- 

lapping the N-type emitter, collector, and isolation 

diffusions. If a three mil wide bus is used, the maxi- 

mum total resistance of any of the buses is less than 

20 ohms. The additional area required for the ground 



distribution bus is then available at first level 

metal for providing cross under tabs to assure inter- 

connection flexibility. 

Two Level Interconnect System 

The metal-oxide-metal system defined in Section 3.6 of 

this report provides a method for generating low im- 

pedance, low capacitance circuit wiring with a high 

d-egree of flexibility. The first level consists of all 

intragate wiring and sufficient tabs to provide cross- 

unders that may be necessary to interconnect gates to 

realize a desired logic function at second level inter- 

connect. Studies indicate that relatively few cross- 

under tabs will be required to realize the specific 

functions required by this program. The type D flip- 

flop originally proposed, for instance, may be wired 

up at second level without using any crossunder tabs. 

The most complex of the logic functions specified may 

be realized with less than 50 crossunders. There will 

be at least 2 crossund-er tabs available per cell on the 

die with a total of over 300, thus assuring a high degree 

of interconnection flexibility. 

The second level of interconnect, of course, provides 

the custom metallization. Variations in this level alone 

need be made to build a specific logic function. If 

individ-ual gate probe is not implemented, the connection 

. . 
of gates tc the ground bus will be made at this level, 

thus no unused gates will be energized. 



I------ 134 mil --- 

F I G U R E  3 . 2 - 1  



INPUTS 

STANDARD GATE 1 SCHEMATIC 

FIGURE 3 . 2 - 2  



I N P U T S  

STANDARD GATE 2 SCHEIilATIC 

F I G U R E  3 . 2 - 3  - 



INPUTS 

D R I V E R  GATE SCHEMATIC 

F I G U R E  3 . 2 - 4  



EXTENDER/PULL UP CELL 

FIGURE 3.2-5 



STANDARD GATE 1 TOPOLOGY 

F I G U R E  3 . 2 - 6  



STANDARD GATE 2 TOPOLOGY 

FIGURE 3.2-7 - 



DRIVER GATE TOPOLOGY 



EXTENDER/PULL-UP TOPOLOGY 

F I G U R E  3 .2 -9  



ION 

Is t LEVEL INTERCONNECT 
-- 

r- ---i 2nd LEVEL INTERCONNECT t : 
PO\?ER/SIGNAL DISTRIBUTION SYSTEM 



Die Size 

The individual cell sizes assuming no gate probe are: 

Standard gate - 7 x 9 1/2 mils 

Driver gate - 7 x 10 mils 
Extender/pull up - 7 x 6 mils 
Total die size for this approach then is 104 x 134 mils. 

If allowance is made for individual gate probe, as dis- 

cussed in Section 3.7, the total die size would be 134 x 

142 mils, or a 36 percent increase in die area. 

Gate Design for the Multigate Array .--- 

Circuit Mechanization 

Interface requirements for TTL/DTL compatibility and the 

power supply requirement of a single positive supply with 

a voltage,range of 3.6V to 5.5V immediately restricts 

possible circuit approaches to a configuration similar 

to conventional DTL or TTL structures. A TTL approach 

has in the past been shown to have a speed and die area 

advantage over a comparable DTL Gate. On this basis TTL 

structures were selected for the MuLtigate Array. 

In defining a specific logic function, the factors of 

function per unit area and logic flexibility were con- 

sidered. An efficient gate topology is realized with a 

three input gate and, probably more importantly, a Type 

D Flip-Flop is realiza-ble with 6 such three input gates 

with no crossunders. A three input TTL NAND Gate was 

then selected as the MA logi-c function. A Three Input 

Extender employing the triple emitter gate input device 
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along with pull-up resistors and clamp diodes form the 

Extender/PuLl-Up Cell as shown in Figures 3.2-5 and 

3.2-9. The clamp diodes are included to provide optimum 

propagation delay in certain applications of the Standard 

Gate as described in Section 3.3.3 below. 

The circuit configuration for the Driver Gate as shown 

in Figures 3.2-4 and 3.2-8 is a conventional TTL active 

pull-up circuit with the exception of the input collector- 

base clamp resistor, R2. This resistor must be added to 

effectively eliminate input emitter-to-input emitter gain 

resultant from the high inverse current gain character- 

istic of the epitaxial base process. The collector-base 

clafip resistor reduces the collector-base forward bias, 

and reduces the effective emitter-to-emitter gain a-s a 

function of the ratio of R1 to R2. Addition of this 

resistor has the negative effect of reducing noise margin 

as a result of'the reduced collector-base forward voltage 

of the input transistor. An Rl/R2 ratio of 13.5 was 

selected to reduce the reverse input current by a factor 

of approximately 100 at worst-case conditions of T = 

125O~ and vf = 5 .5V,  while reducing noise margin by 

approximately 120mV. Reverse input current as a function 

of supply voltage is shown in Figure 3.3-18. 

Two circuit configurations for the Standard Gate have 

been analyzed: Standard Gate 1 shown in Figures 3.2-2 

and 3-2-6 and Standard Gate 2 shown in Figures 3.2-3 and 



3.2-7. A major trade-off exists between these gate 

configurations in terms of low-temperature, low-voltage 

fan-out and propagation d.elay as described in Section 

3.3.3 of this report. Further consideration of this 

trade-off as well as consideration of a DTL input 

approach is necessary before a Stmdard Gate configura- 

tion can be selected. Consideration of reverse input 

current also necessitates use of the input collector- 

base clamp resistor for the Standard Gate as described 

above. 

3.3.2 Epitaxial Rase Device Characteristics 

3.3.2.1 General Device Considerations ---- 

Transistor, diode, and resistor devices fabricated by 

the-epitaxial base process have been electrically charac- 

terized over the full temperature range and applicable 

current and voltage conditions. This data was employed 

to develop model parameters for the proposed devices for 

each of the various MA circuits. The resultant models 

were then employed in the computer simulations of circuit 

performance described in the following sections. All 

model parameters were d-erived from empirical data except 

junction capacitance. The devices employed were fabri- 

cated with the process proposed for the MA as described 

in section 3.4 of this report. The transistor and diode 

models employed are essentially standard Ebers-Moll 

models. Model parameters were computed from empirical 

device measurements via mathematical relationships de- 

rived from the Ebers-Moll model. 



Junction capacitance was calculated using a one-sided 

step junction approximation based on the base layer 

resistivity and the applicable junction area. That is, 

Where 

C1 = capacitance/mi12, at V -V = lV, = 0.4 pf/mi12 
j B 

VB = junction barrier voltage = 0.7V 

V = applied reverse junction voltage 
j 

A. = junction area (mil2) 
3 

This approximation is conservative in that it results 

in a maximum capacitance per unit area. Transistor and 

dioae reverse leakage currents were not included in the 

models since measured values were of negligible magnitude. 

At T = 125OC for a typical MA device, measured leakages 

were on the order of: 

IEBO = 3nA 

'CBO = 40nA 

'CEO 
= 3001174 

Test data for the proposed epitaxial base devices is 

presented in the following section. 

3.3.2.2 Device Characteristic Data 

TITLE 

IE VS V~~ 

VbC VS Ic 

hFE 
V S  IC (Small geometry device) 

h~~ 
VS I (Medium geometry device) 

C 

FIGURE 

3.3-1 

3.3-2 

3.3-3 

3.3-4 



TITLE 

h~~ VS IC (Triple emitter device) 

VCE (sat) VS IC IC = 1 T = 25OC - 

VCE (sat) VS I IC = 10 T = 125Oc c - 

V (sat) VS Ic .Ic 
CE - - - 1 T = +125OC 

Ib 

VCE (sat) VS IC 
Ic = 10 T = +125Oc 

vCE (sat) vs = 1 T = -55O~ - 
T 

. 
VCE (sat) vs I = 10 T = -55O~ 

,, 

Storage Time VS IC/~B 

Breakdown Voltages VS Temperature 

Resistance VS Resistor Voltage 

Resistance VS Temperature 

FIGURE 

3.3.3 Multigate Array Performance 

3.3.3.1 Performance ~nalysis -- 

Performance of the proposed Driver and Standard Gate 

configurations has been computer simulated using the 

SCEPTRE nonlinear circuit analysis program. Breadboard 

testing has been performed to verify 25OC static simu- 

lations. Temperature extreme and transient response 
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breadboard verifications have not been performed. 

Circuit simulations performed include: (1) Vin vs V out 

response at all combinations of nominal and extreme 

temperature, power supply voltage, and fan-out. (Figures 

3.3-19 through 3.3-36) (2) Output low voltage (Val) vs 

output low current (I ) for all combinati.ons of nominal 01 

and extreme temperature for nominal and extreme power 

supply voltage (Figures 3.3-46 and 3.3-51). (4) Propa- 

gation delay at maximum fan-out and nominal supply volt- 

age for +25Oc, -55Oc, and +125°~ (Figures 3.3-52 through 

3.3-60). 

Driver gate characteristics which are defined by these 

simulations include: (1) Input threshold voltage and 

noise margin; (2) Fan-out and .logical "0" output level; 

(3) "0" and "1" state supply current and power dissipa- 

tion; and (4) propagation delay. 

3.3.3.2 Standard. --.- Gate Performance 

The standard gate circuit configurations were constrained 

to satisfy the prime electrical design objective of power 

consumption at V' = 5.OV and T = 25O~. The design ob- 

jective and resultant nominal performance were as follows: 

Design Standard Standard 
Objective - Gate 1 Gate 2 --- 

Both gztc configurations then satisfy the design objective 

average power dissipation while Standard Gate 2 more 
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closely satisfies the P (0) and P (1) objective. 
D D 

The division of power between "0" and "I" states was 

selected to optimize other performance parameters. 

Noise immunity requirements in effect constrain the "0" 

and "I" worst-case input logic levels to 0.8V and 2.OV 

respectively. From Vin vs V data, these requirements 
out 

may be evaluated by considering the maximum "0" input 

levelV (max) resulting in a minimum output "1" level 
I L  

of 2.4V. (This condition is more severe than the con- 

verse case of minimum "1" input level and maximum "0" 

output level). This data for the two standard gate con- 

figurations at worst-case fan-out = 1 is sum~arized 

belbw. 

Std Gate 1 - 

v ~ L  
(max) (V) 1.05 0.93 0.74 1.03 0.88 0.68 0.94 0.82 0.62 

Std Gate 1 

V (max) (V)  1.02 9 . 8 9  0.70 1.00 0.85 0.67 0.87 0.75 0.56 
IL 

As is apparent both gates are sub--marginal at +125O~ and 

have a small margin und-er all conditions. Standard gate 

2 is also sub-marginal at V' = 3.6V. 

Fan-out requirement is a fan-out of 12 standard loads. 

From V ,  vs V data, both gates meet the fan-out re- 
r n  out 

quirements under all conditions except standard gate 1 

at V+ = 3.6V and T = -55O~. To define a fan-out margin, 



VOL vs IOL dilta is compared to the required fan-out 

current for each gate under the appropriate conditions. 

specifically, the required maximum fan-out current IFO 

(max) is compared to the output current IOL (max) for 

which the output voltage is VOL (max) = 0.4~. 
, , . ,  

\v+=5,517 v+=5. ov -- v'= 3.617 

~ 5 5 ~ ~  25Oc i-125O~ -55Oc -- 25Oc +125O~ -- -55Oc +25'~ +l25Oc 

Std Gate 1 

Std Gate 2 

In most cases the computer simulations were terminated 

prior to VOL = 0.4V, but in these instances it is apparent 

that an adequate fan-out margin exists. The only fan-out 

problem noted is for Standard gate 1 at V' = 3.6V and 

2 5 O ~  < T < -55Oc. In all cases it is noted that Standard - - 
Gate 2 has superior fan-out capability to Standard Gate 1. 

Considering propagation delay for the Standard Gates, the 

question of operating conditions for optimum performance 

immediately arises. If a pull--up resistor is employed. 

which pulls the output up to the positive supply, prop- 

agation delays are completely unsatisfactory as a result 

of the delay time required to pull the output down from 

the positive supply to the threshold level. In multiple 

fan-out cases however, a pull-up resistor will be required 

to charge load capacitance under worst-case logic condi- 



tions. Considering these two factors, the recommended 

approach is a clamped pull-up resistor in the Extender/ 

Pull-Up Cell as described previously and as shown in 

Figures 3.2-5 and 3.2-9. This technique of clamping 

the pull-up at three forward diode voltages can be em- 

ployed to optimize internal propagation delays. If de- 

sired of course the clamp diodes need not be employed, 

to provide a high level external interface for example. 

With this approach, however, the problem of defining and 

specifying Standard Gate propagation delay arises. This 

question cannot be resolved at this time, but for purposes 

of this report the following approach was employed. Prop- . 
agation delays were simulated using the test configuration 

of Figure "3.1-1 with maximum ian-out . Propagation delays 

were determined from the computer simulations as the time 

interval between initiation of the input pulse and trans- 

ition of the output to the output level necessary to pro- 

duce a maximum " 0 "  output level ( 0 . 4 V )  or minimum "1" 

output level (2.4V) when this level is applied to an 

identical gate. The required voltage levels were deter- 

mined from Vin vs V data. This propagation delay 
out 

definition is obviously arbitrary but is a measure of 

Standard Gate transient response. With t.his definition 

and under conditions of maximum fan-out, V' = 5V, simu- 

lated Standard Gate propagatio~ delays (in nanoseconr2s) 

are as summarized below. 



t t t t t t 
pdl pdo -- -- Pdl pdo -- pdl pdo 

Std. Gate 1 67 35 70 50 . 58 39 

Std. Gate 2 105 '45 165 55 260 46 

As is apparent from this data, Standard Gate 1, while 

slower than the objective specification for tpdl, is 

significantly superior to Standard Gate 2 for both t 
Pdl 

and tpdo. 

3 . 3 . 3 . 3  Driver Gate Performance -- 

The Driver Gate circuit configuration was also con- 

strained to satisfy the prime electrical design objective 

of power consumption at V+ = 5. OV and. .T = 25O~. Design 

objective and resultant nominal performance are as follows: 

Design Driver 
' Objective --- Gate 

Thus Driver Gate nominal power dissipation is in accord 

with design objectives. 

Noise i~munity requirements for the Driver Gate lead to 

similar considerations as for the Stand-ard Gate for worst- 

case input logic levels of 0.8V and 2.OV for "0" and "1" 

levels respectively. From V vs V data, worst-case 
in out 

condj-tion is again the maximum "0" input level, VIIJ (max) , 
resulting in a minimum "1" output level of 2.4V. This 



d a t a  i s  s u ~ m a r i z e d  below f o r  t h e  wors t -case  c o n d i t i o n  o f  

fan-out .  = 1. 

Dr ive r  Ga te  
- ,  

From t h i s  d a t a ,  it i s  seen  t h a t  a sma l l  margin e x i s t s  f o r  

V' - > 5,  OV w h i l e  performance a t  V+ = 3 . 6 V  i s  sub-marginal  

a t  h igh- tempera tu re .  

Fan-out requ i rement  f o r  t h e   river Gate i s  50 s t a n d a r d  

l o a d s .  Assumin? S tandard  Gate 1 d e f i n e s  fan-ou t  r e q u i r e -  

ments which i s  wors t -case ,  t h e  r e q u i r e d  fan-ou t  c u r r e n t ,  
< 

IFO (rnax) , can be compared t o  t h e  a v a i l a b l e  o u t p u t  low 

c u r r e n t ,  IOL (rnax), f o r  which t h e  o u t p u t  v o l t a g e  i s  V 
OL 

(rnax) = 0.4V. 

Dr ive r  Ga te  - 

=OL 
(rnax) (rnA) >10 >10 >10 

The VOL v s  IOL computer s i m u l a t i o n s  were t e r m i n a t e d  a t  

IbI, = 10m.A' b u t  it i s  a p p a r e n t  t h a t  adequa te  fan-ou t  

margin e x i s t s  f o r  a l l  c o n d i t i o n s .  

Cons ider ing  p ropaga t i on  d e l a y ,  a  s i m i l a r  problem e x i s t s  

f o r  t h e  Dr ive r  Gate  a s  f o r  t h e  S tandard  Gate  i n  t e r m s  of 
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speciFying and defining propagation delay. Since a 

principal application of the Driver Gate will be to 

provide an external interface with conventional TTL 

devices, a conventional definition will be employed in 

this report. Propagation delay is defined as the time 

interval between initiation of the input pulse and 

transition of the Driver Gate output to a defined 

threshold vcltage. The defined threshold voltages are 

assigned as VTH = 1.6V (-55Oc) , VTH = 1.3V (25Oc) , and 

VTH = 1.OV (+125O~) to approximately account for the 

shift in threshold with temperature. This data (in 

nanoseconds) is obtained from the propagation delay 

simulations under conditions of maximum fan-out and 

V+ 2 5*0V and is summarized below. 

-55Oc +25Oc +125Ov 

t t 
p d  pdo . 

t t 
pdl pdo -- 

Driver Gate - 52 35 74 40 100 45 

From this data, it is seen that t 
pdl 

objectives are not 

met and that t 
pdo 

objectives are exceeded. 

3.3.3.4 ~os't-Radiation Performance 

Computer simulations of circuit performance with post- 

radiation parameters has not yet been performed. Before 

this work can be performed, post-radiation device charac- 

teristics must be calculated and inserted into final cir- 

cuit eonfigcrations. Post-radiation performance analysis 

. will he performed during Phase J I  of this contract; 
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3.4 The E p i t a x i a l  Base Process  ------ --- 

The e p i t a x i a l  base  p roces s  method a s  it r e l a t e s  t o  t h e  

s t r u c t u r e  of t h e  dev ices  and r e s i s t o r s  and t h e  pre -  

d i c t e d  c h a r a c t e r i s t i c s  of t h e s e  d e v i c e s  a-nd r e s i s t o r s  

w i l l  be d i s c u s s e d  i n  t h i s  s e c t i o n .  The t r a d e - o f f s  

r e q u i r e d  t o  o b t a i n  t h e  necessary  d e v i c e  c h a r a c t e r i s t i c s  

and t h e  a c t u a l  mechanizat ion.  of t h e  p roces s  w i l l  a l s o  

be d i s c u s s e d .  The concluding p a r t  of t h i s  s e c t i o n  w i l l  

be devoted t o  t h e  r e l i a b i l i t y  a s p e c t s  which r e l a t e  t o  

t h e  s p e c i f i c  des ign  and p roces s  method used.  

Device and R e s i s t o r  S t r u c t u r e s  ---- 

The b a s i c  d e v i c e  l a y e r  s t r u c t u r e  f o r  t h e  epi-base 

t r a n s i s t o r  i s  shown i n  F igu re  3.4-1. The l a y e r  s t ruc- -  . 
t u r e  f o r  t h e  p inch  r e s i s t o r  i s  shown i n  F igu re  3.4-2. 

The p e r t i n e n t  l a y e r s  of t h e  s t r u c t u r e  a r e  t h e  s u b s t r a t e ,  

bu r i ed  l a y e r ,  c o l l e c t o r ,  and e m i t t e r .  I t  should be 

mentioned t h a t  a l l  of t h e  junc t ions  of  concern can be 

t r e a t e d  a s  a b r u p t  j u n c t i o n s ,  s i n c e  t h e  donor concen- 

t r a t i o n s  i n  t h e  bu r i ed  l a y e r ,  co l l ec . t o r  and e m i t t e r  

a r e  much g r e a t e r  t han  t h e  accep to r  c o n c e n t r a t i o n  i n  t h e  

base  e p i t a x i a l  l a y e r .  

3 . 4 , 1 , 1  The s u b s t r a t e  o r  s t a r t i n g  m a t e r i a l  i s  p-type s i l - i con .  

The r e s i s t i v i t y  i s  11-15R--cm wi th  a n  accep to r  concen- 

15 3  t r a t i o n  of 8 x  1 0 ' ~ / c r n ~  t o  1 . 3  x 1 0  /cm . This  r e s u l t s  

i n  a h igh  r e s i s t a n c e  leakage p a t h  through t h e  s u b s t r a t e  

and low junc t ion  capac i t ance  t o  t h e  s u b s t r a t e .  

1-99 







The s t r u c t u r e  s t a r t s  w i t h  a  s e l e c t i v e  N+ d i f f u s i o n  i n t o  

t h e  s u b s t r a t e .  This  d - i f fu s ion  i s  used t o  i s o l a t e  t h e  

bottom of t h e  s t r u c t u r e s  t o  be b u i l t  and t o  p rov ide  

a low r e s i s t i v i t y  l a y e r  which w i l l .  become t h e  a c t i v e  

c o l l e c t o r  of t h e  t r a n s i s t o r s .  The s h e e t  r e s i s t i v i t y  

of t h i s  l a y e r  (which w i l l  e v e n t u a l l y  form t h e  b u r i e d  

l a y e r )  i s  approximately  4 0  to 45R/o a t  a  dep th  of  

3 .8  t o  4 . 2  microns r e s u l t i n g  i n  a s u r f a c e  donor con-  

3  c e n t r a t i o n  of about  2 x  lol'/cm . 

3.4 .1 .2  The n e x t  l a y e r  i s  t h e  base  l a y e r .  Th i s  l a y e r  i s  

e p i t a x i a l l y  grown us ing  boron as a  doping s p e c i e s .  

The e p i t a x i a l  P l a y e r  r e s i s t i v i t y  i s . 0 . 4 5  t o  0.55R-cm 

w i t h  an accep to r  c o n c e n t r a t i o n  of about  3  t o  4 x 1 0 l 6 / ~  

c m 3  and i s  2.3 t o  2 . 6  micron t h i c k .  

3 .4 .1 .3  The c o l l e c t o r  o r  i s o l a t i o n  d i f f u s i o n  makes c o n t a c t  

w i t h  t h e  b u r i e d  l a y e r  and hence complete ly  i s o l a t e s  

an i s l a n d  of e p i t a x i a l  m a t e r i a l .  Th i s  i s  t y p i c a l l y  a  

2 t o  3R/r~ d i f f u s i o n  of 2 . 6  micron dep th  and a s u r f a c e  

23. 3 donor c o n c e n t r a t i o n  of 2 . 5  x  L O  /cm . 

3.4.1.4 The t r a n s i s t o r  s t r u c t u r e  i s  t h e n  completed w i t h  an  

N t y p e  d i f f u s i o n  i n  t h e  i s o l a t e d  i s l a n d  t o  form t h e  

e m i t t e r .  The c h a r a c t e r i s t i c s  of t h e  l a y e r  a r e  s i m i l a r  

t o  t h e  c o l l e c t o r - - i s o l a t i o n  except  f o r  t h e  dep th .  I t  

should be mentioned t h a t  t h e  dep th  of t h i s  d i f f u s i o n  

and t h e  t h i c k n e s s  of t h e  e p i t a x i a l  l a y e r  a r e  extremely 



c r i t i c a l  s i n c e  they  f i x  t h e  base  width  of t h e  t r a n s i s t o r .  

T r a n s i s t o r s  have been f a b ~ i c a t e d  w i t h  base  wid.ths from 

0 . 6  t o  1 .2  microns ,  

3 . 4 . 1 . 5  The method used t o  f a b r i c a t e  t h e  r e s i s t o r s  is  cornpatable 

w i t h  t h e  above mentioned s t r u c t u r e .  The only f e a t u r e  

d i f f e r e n t  i s  t h a t  t h e  e m i t t e r  N-type d i f f u s i o n  o v e r l a p s  

t h e  i s o l a t i o n  d i f f u s i o n  t o  form a  l a y e r  of bu r i ed  ep i -  

t a x i a l  P-type m a t e r i a l .  Again, t h e  e p i t a x i a l  t h i c k n e s s  

and t h e  ernit tex d i f f u s i o n  a r e  c r i t i c a l  s i n c e  t h i s  a l s o  

f i x e s  t h e  thiclcness of t h e  pinched. r e s i s t o r  and hence 

de t e rmines  t h e  va lue  of pinched s h e e t  r e s i s t i v i t y .  

EpLtaxial- Base Layer R e s i s t i v i t y  --- 

The r e v e r s e  b i a s  breakd-own v o l t a g e  i s  c o n t r o l l e d  by t h e  

r e s i s t i v i t y  of t h e  h i g h  r e s i s t i v i t y  s i d e  of a l l .  j unc t ions .  

Hence, f o r  a11  j u n c t i o n s  excep t  t h e  s u b s t r a t e - b u r i e d  

l a y e r  j u n c t i o n ,  t h e  base  e p i t a x i a l  r e s i s t i v i t y  c o n t r o l s  

t h e  main j u n c t i o n  c h a r a c t e r i s t i c s .  

3 . 4 . 2 . 1  J u n c t i o n  C h a r a c t e r i s t i c s  

S i n c e  t h e  base  l a y e r  i s  uniformly doped, it a l s o  has  

a low s u r f a c e  donor c o n c e n t r a t i o n  and hence i s  s u b j e c t  

t o  s u r f a c e  i n v e r s i o n .  Th i s  problem and a  c o r r e c t i v e  

measure w i l l  be discu.ssed i n  more d e t a i l  i n  Sec t ion  3 .4 .3 .  

The j u n c t i o n  c h a r a c k e r i s t i c s  f o r  t h e  j unc t ions  involved 

are  g i v e n  i n  Table 3 .4 - -1 .  



TABLE 3 . 4 - 1  - 

The d e p l e t i o n  l aye r  width and t he  capaci tance  a r e  

given f o r  a junct ion  vo l t age  of 2 .5  v o l t s  r eve r se  

bias.  



3 . 4 . 2 . 2  
"CEO 

For  E p i t a x i a l  Base 

Note i n  Table  3.4-1 t h a t  t h e  c a l c u l a t e d  breakdown 

volts-ge of t h e  bu r i ed  l a y e r  and i s o l a t i o n  j u n c t i o n s  

a r e  n o t  equa l ;  however, s i n c e  t h e  two j u n c t i o n s  axe 

connected,  t h e  c o l l e c t o r - b a s e  breakdown w i l l  occur  a t  

t h e  lower va lue .  T h i s  i s  an iraportant  cons idesa . t ion  

i n  s e l e c t i n g  t h e  base  r e s i s t i v i t y  s i n c e  t h e  v a l u e  of 

t h e  c o l l e c t o r - e m i t t e r  breakdown vo1t.a.ge i s  r e l a t e d  t o  

t h e  c o l l e c t o r - b a s e  breakdown and t h e  c u r r e n t  g a i n  of 

t h e  t r a n s i s t o r  through t h e  equa t ion .  

- 
B v ~ ~ ~  " B V ~ ~ ~  -- , where n  = 3 .75  t o  4 . 0 .  

n , T H  

1 f . a  lower r e s i s t i v i t y  i.s used f o r  t h e  base ,  t h e n  

"CBO 
i s  reduced and f o r  a  g iven  HFE, t h e  requirement  

On B v ~ ~ ~  can n o t  he  s a t i s f i e d .  A h igh  r e s i s t i v i t y  

base  means a lower accep to r  c o n c e n t r a t i o n  i n  t h e  base  

and hence,  enhances t h e  p o s s i b i l i t y  of s u r f a c e  i n v e r s i o n .  

Trade Offs  

One experirnental  run  was made t o  e s t a b l i s h  t h e  b a s i c  

p r o c e s s  parameters .  The r e s u l - t s  of  t h i s  run  s t r o n g l y  

i n d i c a t e d  t h a t  s u r f a c e  i n v e r s i o n  was indeed occu r r ing  

over  t h e  base  r e g i o n .  

I n  o r d e r  t o  e l i m i n a t e  t h e  base s u r f a c e  i n v e r s i o n  problem, 

it i s  necessary  t o  i n c r e a s e  t h e  base  s u r f a c e  c o n c e n t r a t i o n ,  



There  a r e  two a.pproaches t o  t h i s  problem, (1) a  s e l e c -  

t i v e  guard- r ing  boron d e p o s i t i o n - d i f f u s i o n  o r  ( 2 )  a 

non- se l ec t ive  boron d e p o s i t i o n - d i f f u s i o n ,  

3 . 4 . 3 . 2  S e l e c t i v e  o r  Non-Selective Ease Depos i t ion  

The f i r s t  approa.ch would r e q u i r e  la.rgeir geomet r ies  

over  t h e  e n t i r e  c i r c u i t  area ' ,  s i n c e  guard r i n g s  would 

be  necessary  n o t  o n l y  between e m i t t e r  and c o l l e c t o r  i n  

a g i v e n  t r a n s i s t o r  bu.t a l s o  between t r a n s i s t o r s .  T h i s  

approach would remove t h e  main advantage of u s ing  t h e  

e p i t a x i a l .  base  method, s i n c e  it would add a photo resis t  

s t e p  and a l s o  i n c r e a s e  t h e  geometry. 

3 . 4 . 3 . 3  Reason f o r  Non-Selective Base E e p o s i t i o n  

The second approach was t h e r e f o r e  c o n s i d e ~ e d  t h e  most 

d e s i r a b l e  f o r  bo th  p r o c e s s  and s i z e  c o n s i d e r a t i o n s .  

The non- se l ec t ive  boron d e p o s i t i o n  i s  made over  t h e  

e n t i r e  s u r f a c e  of t h e  s l i c e .  During t h i s  p r o c e s s  s t e p ,  

t h e  boron remains a t  t h e  s u r f a c e  of t h e  s l i c e  and 

hence does  n o t  red-uce t h e  l i f e t i m e  of t h e  m j n o r i t y  

c a r r i e r s  i n  t h e  a c t i v e  base  r e g i o n  o r  t h e  i n j e c t i o n  

e f f i c i e n c y  of t h e  a c t i v e  e m i t t e r  a r e a .  There i s  an 

added f e a t u r e  h e r e  s i n c e  t h e  l a t e r a l  i n j e c t i o n  of  t h e  

e m i t t e r  i s  reduced. and hence t h e  l - a t e r a l  c u r r e n t  g a i n  

between two e m i t t e r s  i s  reduced.  

The i n c r e a s e  i n  base  s u r f a c e  c o n c e n t r a t i o n  reduces  t h e  



v a l u e  of t h e  r e v e r s e  b i a s  breakdown v o l t a g e  between 

c o l l e c t o r  and b a s e *  This  breakdown v o l t a g e  i s  denoted 

as B V ~ ~ ~ ~  i n  c o n t r a c t  t o  BVCRO und-er t h e  a c t i v e  e m i t t e r  

a r e a .  This  i s  an  important  c o n s i d e r a t i o n  s i n c e  BV CBOS 

may occur  b e f o r e  t h e  a c t i v e  t r a n s i s t o r  goes  i n t o  t h e  

ava lanche  c o n d i t i o n .  

If B V ~ ~ ~ ~  < B V ~ ~ ~  , then 
(HFE) l / n  

where VF i s  t h e  forward p o t e n t i a l  of  t h e  e m i t t e r  base  

j upc t ion .  This  i s  su-mmarized i n  F igu re  3.4-3 and 

F i g u r e  3.4-4. F i g u r e  3.4-3 i s  a  p l o t  of BVCEO v e r s u s  

HFE f o r  a  g iven  BV 
CBO ' 

Figure  3.4-4 i s  a p l o t  of  

"CEOS 
v e r s u s  t h e  base  s u r f a c e  c o n c e n t r a t i o n .  A p l o t  

of s u r f a c e  s t a t e  d e n s i t y  required.  f o r  o n s e t  of i n v e r s i o n  

i s  a l s o  includ-ed i n  F i g u r e  3.4-4. 

3 For  a  s u r f a c e  c a r r i e r  c o n c e n t r a t i o n  of 4 x 1016/crn 

3.1 a s u r f a c e  s t a t e  d e n s i t y  of 4:3 x 1 0  /cm2 w i l l  cause  

s u r f a c e  i n v e r s i o n .  Normal p roces s ing  may r e s u l t  i n  

s u r f a c e  s t a t e  d e n s i t i e s  a s  h igh  a s  1 0 ~ ~ / c s o  w i t h  s n r -  

f a c e  inwers ion  for P--type m a t e r i a l  occu r r ing  a t  a 

s u r f a c e  c a r r i e r  c o n c e n t r a t i o n  o f  2 x The 

minimum s u r f a c e  concentra . t ion i n  t h e  base  r eg ion  t o  

a s s u r e  t h a t  s u r f a c e  i n v e r s i o n  does  n o t  occur i s  between 
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F i g u r e  3.4-3 BVceo versus  IIFE 

= B V c b o  I BVCjJ0 = 25  v o l t s  "ceo _-- nFpy; 

n = 4 and 3 . 7 5  



F i g u r e  3 ' 4 - 4  BVceos and c r i t i c a l  i n v e r s i o n  s u r f a c e  

d e n s i t y  f o r  v a r i o u s  base  c o n c e n t r a t i o n s  



17 3 2 and 3 x 1 0  /cm . From F igu re  3-4--4, 
U V ~ ~ ~ ~  i s  

found t o  be  7.6 and 9 . 1  v o l t s .  The above mentioned 

c o n s i d e r a t i o n s  have n o t  inc luded  any e f f e c t  of a  

p o s i t i v e l y  b iased  me ta l  Line,  

The preceeding  c o n s i d e r a t i o n s  can now he  summarized, 

The s u r f a c e  c o n c e n t r a t i o n  i n  t h e  e p i t a x y  base  m a t e r i a l  

must be g r e a t e r  t han  2 x 1 0 1 7  t o  e l i m i n a t e  i n v e r s i o n .  

Th i s  r e s u l t s  i n  a  BV CEOS c o n t r o l l e d  by t h e  base  s u r f a c e  

breakdown v o l t a g e  and n o t  by t h e  a c t i v e  base  avalanche 

c o n d i t i o n  of  t.he t r a n s i s t o r .  The maximum o b t a i n a b l e  

B v ~ ~ ~  i s  9 .1  v o l t s .  Any i n c r e a s e  i n  s u r f a c e  s t a t e  

d e h s i t y  due t o  s l i g h t  v a r i a t i o n s  i n  p roces s ing  o r  t h e  

e f f e c t s  of r a d i a t i o n  would be  a p o t e n t i a l  invers i .on 

c o n d i t i o n  us ing  t h i s  upper l i m i t .  The most a c c e p t a b l e  

c o n d i t i o n  would be  t o  have a  base  s u r f a c e  c o n c e n t r a t i o n  

3  o f  a l e a s t  4 x 1017/cm w i t h  a  r e s u l t i n g  BVCEOS of 

7 v o l t s  a s  a maximum. 

F a b r i c a t i o n  - - 
The main s t e p s  i n  t h e  e p i t a x i a l  p roces s  f o r  t h e  CbU4A 

a r e  g i v e n  below. 

3 .4 .4 .1  P r o c e s s  

1) Oxidat ion 

2)  ".hot0 resist fcr bu r i ed  l a y e r s  

3 . - x i e d  l a y e r  N d i f f u s i o n  



4 )  Oxide removal 

5 )  E p i t a x i a l  d e p o s i t i o n  

6 )  Oxidati-on 

7 )  Photo r e s i s t  f o r  i s o l a t i o n - c o l - l e c t o r  

8 )  I s o l a t i o n - c o l l e c t o r  N d i f f u s i o n  

9 )  Oxide removal 

L O )  Non-select ive  base  P d e p o s i t i o n  

Oxida t ion  

Photo r e s i s t  f o r  emitter 

Emitter N+ d i f f u s i o n  

Oxida t ion  

Photo resist  f o r  c o n t a c t s  

Alur~ inu~n evapora t ion  

Photo r e s i s t  f o r  alwninu-rn i n t e r c o n n e c t  

In su l a t i -ng  ox ide  d e p o s i t i o n  

Photo r e s i s t  f o r  v i a  e t c h  

Alum.inurn evapora t ion  

Photo resis t  f o r  second l a y e r  i n t e r c o n n e c t  

Con tac t  and s t a b l i z a t i o n  bakes 

3 . 4 . 4 . 2  I n  P r o c e s s  Con t ro l s  

There  a r e  s e v e r a l  checks made t o  a s s u r e  t h a t  t h e  p roces s  

r e s u L t s  a r e  a s  expecled.  A f t e r  each  d i f f u s i o n ,  t h e  

r e s i s t i v i t y  of t h e  l a y e r  i s  checked by fou r -po in t  probe 

rneasurements and t h e  l a y e r  t h i c k n e s s  i s  measured by 

l a p  and s ta i r1  methods. The co l l . e c to r  base  breakdown 

' r.c i s  checked after t h e  c o l l e c t o r  i s o l a t i o n  d l r ~ u s i o n  

and after  t h e  non--select ive  base  d e p o s i t i o n  and 



subsequ.ent o x i d a t i o n .  The parameters  of t h e  t r a n s i s t o r s  

a r e  checked a f t e r  t h e  N' e m i t t e r  d i f f u s i o n .  The s h e e t  

r e s i s t i v i t y  of t h e  pinched r e s i s t o r s  i s  checked a t  t h i s  

p o i n t  a l s o .  These i n  p roces s  checks a r e  designed t o  

a l l o ~ c  maximum c o n t r o l  of t h e  p roces s  parameters  and t o  

moni tor  t h e  d e v i c e  p a r a m e t e ~ s  a t  each p roces s  s.tep. 

3.4 .4 .3  Device Data 

Device c h a r a c t e r i s t i c s  from s e v e r a l  d e v i c e s  a r e  shown 

i n  d e t a i l  i n  ano the r  s e c t i o n  of t h i s  r e p o r t ;  however, 

t h e  r e s u l t s  of two groups of d e v i c e s  a r e  p re sen ted  

a long  w i t h  t h e  l i f e  t e s t  d a t a  ob ta ined  from t h e s e  

d e v i c e s  a f t e r  f i x e d  p e r i o d s  of t ime a t  4 v o l t  r e v e r s e  

b i a s  a t  1 5 0 ~ ~ .  The d e v i c e s  used i n  t h i s  l i f e  t e s t  

were f a b r i c a t e d  w i t h  a non-se lec t ive  base  d e p o s i t i o n .  

Devices  f a b r i c a t e d  wi thout  t h e  non- se l ec t ive  base  

d e p o s i t i o n  were n o t  accep tab le  f o r  l i f e  t e s t  cons ider -  

a t i o n  s i n c e  the room tempera ture  leakage  c u r r e n t s  were 

s o  h i g h ,  I n  f a c t  it was n o t  p o s s i b l e  t o  o b t a i n  b e t a  

cu rves  on t h e s e  d e v i c e s  due t o  t h e  leakage between 

c o l l e c t o r - e m i t t e r  . 
I n i t i a l  Room Temperature Data 

Run EB - 4B1; T e s t  Group B ~ l 6  



lrnA@ 2 - 5 V  V o l t s  V o l t s  V o l t s  

33 8 .0  1 1 . 2  7 . 2  

The non- se l ec t ive  P base d e p o s i t i o n  f o r  t h i s  run  

resu l - ted  i n  a base s u r f a c e  c o n c e n t r a t i o n  of 1 t o  1 . 5  

3 x l ~ ' ~ / c r n  . This  i s  cons idered  t h e  lower l i m i t  of t.he 

base  s u r f a c e  c o n c e n t r a t i o n  t o  p reven t  i n v e r s i o n .  

Beverse  B ia s  Leakage Data  

Run EB--4B1 T e s t  Group BB16 

VBC = - 4  v o l t s  T = 1 5 0 ~ ~  13 u n i t s  



Hours of --- IEBO@5V - I C E O @ ~ ~  ICBO@ 5V 
Test  nA nA nA 

500 1 - 7 . 6  1 - 8.3. 3 .6  - 20 

Devices from another run are now a l s o  on reve r se  b i a s .  

T h e  non--select ive base d-eposi t ion f o r  t h i s  run resulted.  

17 3 i n  a  base su r face  concent ra t ion  of 3 x 1 0  /cm . 

I n i t i a l  Room Temperature Data 

Run EB - , 6C  Tes t  Group BB45 

ln&@ 2 . 5 V  Vol ts  Vol t s  Vol t s  



l m A @  2 .5V V o l t s  

Reverse  B i a s  Leakage Data 

Run EB-6C 

VCE - 4 v o l t s  

Hours of 

T e s t  nzi 

V o l t s  V o l t s  

T e s t  Group EB45 

T = 1 5 0 ~ ~  16 u n i t s  

3 . 4 . 4 . 4  Pinch  R e s i s t o r s  

P i n c h  r e s i s t o r s  have a l s o  been f a b r i c a t e d  us ing  t h e  

same p r o c e s s  method a s  f o r  t r a n s i s t o r s .  In t h e  

r e s i s t o r  p a t t e r n  p r e s e n t l y  being used., t h e  emitter 

d i f f u s i o n  o v e r l a p s  t h e  i so l -a t ion-co l l -ec tor  diffusion 

and. hence t h e  v o l t a g e  r e s t r i c t i o n  on t h e  r e s i s t o r s  i s  



For t h e  base  width  used i n  t h e  t r a n s i s t o r s  and us ing  

t h e  r e s i s t i v i t y  of t h e  e p i t a x i a l  l a y e r ,  t h e  r e s i s t o r s  

have a  c a l c u l a t e d  pinch-off  v o l t a g e  of about  7 v o l t s .  

T h i s  ag rees  w i t h  t h e  measured v a l u e s  of 6 t o  7 v o l t s .  

The s h e e t  r e s i s t a n c e  of t h e  pinch r e s i s t o r s  i s  of t h e  

o r d e r  of 1 0  t o  1-2 KRh2 f o r  a base  wid th  of 1 micron. 

Th i s  i s  i n  agreement w i th  t h e  ca lcu la ted .  va lue  i f  t h e  

0 b i a s  d e p l e t i o n  wid th  of both  t o p  and bottom junc t ions  

i s  t aken  i n t o  c o n s i d e r a t i o n .  

I n  c a l c u l a t i n g  t h e  va lue  of t h e  p inch-of f  v o l t a g e  and. 

t h e  s h e e t  r e s i s t a n c e ,  t h e  p h y s i c a l  measurement of  t h e  

base wid.th i s  needed. The accuracy of  t h i s  measurement 

i s  - + l / 2  sodium l i n e  o r  approximately  - + 0.15 microns.  

For t h i s  r ea son ,  t h e  e m i t t e r  ' d i f f u s i o n  p roces s  is 

c o n t r o l l e d  and checked by measuring t h e  r e s i s t a n c e  0% 

t h e  p inch  r e s i s t o r s .  

3 . 4 . 5  ---- R e l i a b i l . i t y  Cons ide ra t ions  ----- 

A most impor tan t  cons idexa t ion  of t h e  t o t a l  program i s  

t h e  long t e r m  r e l i a b i l i t y  of t h e  produc t .  There a r e  of 

c o u r s e  s e v e r a l  p o t e n - t i a l  f a i l u r e  modes i n  a l l  dev ices ;  

however, one of  t h e  primary concern i s  t h e  s u r f a c e  

i n v e r s i o n  probl-em. 



3.4 .5 .1  Necess i ty  f o r  Base Depos i t ion  

The importance of a  h igh  base  s u r f a c e  c o n c e n t r a t i o n  has  

been p re sen ted .  The d a t a  ob ta ined  from t h e  r u n  wi thou t  

t h e  non- se l ec t ive  P  base  d-epos i t ion  i n d i c a t e d  i n v e r s i o n .  

The d a t a  p re sen ted  from run  EB--4EL i n d i c a t e d  t h a t  f o r  

17 a  base  s u r f a c e  c o n c e n t r a t i o n  of l x 1 0  /cm3 t h e  s u r f a c e  

i n v e r s i o n  problem d i d  n o t  e x i s t .  There i s  d a t a  t o  

suppor t  t h e  ev idence  of an i n c r e a s e  i n  s u r f a c e  s t a t e  

d e n s i t y  a f t e r  i r r a d i a t i o n .  On metalA -- n i t r i d - e  - oxide  -- 
s i l i c o n  s t ru .c ture ,  t h e r e  w e r e  i n d i c a t e d  i n c r e a s e s  of 

3 t o  4 i n  t h e  s u r f a c e  s t a t e  d e n s i t y  on N-type s i l i c o n .  

This  d a t a  may n o t  be  d i r e c t l y  a p p l i c a b l e  t o  t h e  s t r u c t u r e  

used f o r  t h e  e p i t a x i a l  base  p roces s ;  'however, it  does  

i n d i c a t e  q u a l i t a t i v e  i n c r e a s e s  i n  s u r f a c e  s t a t e  d e n s i t y  

and shouLd be a major c o n s i d e r a t i o n  i n  t h e  r e l i a b i l i t y  

of t h e  produc t .  Th i s  i s  e s p e c i a l l y  impor tan t  f o r  t h e  

c o n s i d e r a t i o n  of t h e  BVCEO r e q u i r e d  and i n  t u r n  t h e  

base  s u r f a c e  c o n c e n t r a t i o n .  

3 .4 .5 .2  New T e s t  S t r u c t u r e s  

The above mentioned problem and o t h e r  r e l a t e d  s u r f a c e  

, problems w i l l  b e  i n v e s t i g a t e d  f u r t h e r  i n  Phase 11. 

T e s t  s t r u c t u r e s  a r e  now i n  p r o c e s s  t o  e v a l u a t e  t h e  

s p e c i f i c  s u r f a c e  s t a t e  d e n s i t y  of t h e  p roces s  and t o  

c o r r e l a t e  t h i s  d a t a  w i t h  d e v i c e  leakage c u r r e n t s .  



The new tes t  s t r u c t u r e s  w i l l  inc1ud.e: 

1) A s t anda rd  geometry c o n t r o l  ' t r a n s i s t o r .  

2 )  A s t a n d a r d  geometry t r a n s i s t o r  w i th  f i e l d  p l a t e s  

over c o l l e c t o r - b a s e  and emi t te r -base  j u n c t i o n s .  

3 )  A s t anda rd  geometry t r a n s i s t o r  w i t h  a  f i e l d  p l a t e  

over  t h e  base  s u r f a c e  from e m i t t e r  t o  c o l l e c t o r .  
f 

4 )  An M O S  l a r g e  a r e a  c a p a c i t o r .  

5 )  An MOM l a r g e  a r e a  c a p a c i t o r .  

< 
6 )  A n  i n t e r - l a c e d  m e t a l  pattern f o r  SiOZ s u r f a c e  

conductance.  

These t e s t  s t r u c t u r e s  w i l l  b e  on a d i e  w i th  t h e  ce l l  

c o n f i g u r a t i o n s  such t h a t  any e l e c t r i a l  c h a r a c t e r i s t i c  

changes i n  c e l l  can be  r e l a t e d  t o  m e ~ s u r e d  

parameter s on t h e  t e s t  s t r u c t u r e .  

3.4.6 Process  Con t ro l  - 
The two c r i t i c a l  p roces s  s t e p s  a r e  e p i t a x i a l  d.eposit ion 

and e m i t t e r  d - i f fu s ion .  Eoth of t h e s e  p r e c e s s  s t e p s  

de te rmine  t h e  base  width  of t h e  t r a n s i s t o r  and t h e  

p inch  s h e e t  r e s i s t a n c e .  In -p roces s  checks on r e s i s -  

t i v i t y  and t h i c k n e s s a o f  t h e  e p i t a x i a l  l a y e r  on c o n t r o l  

wafers  which have an unmasked b u r i e d  l a y e r  d i E f u s i n n '  

are  now ' be ing  used.  In -process  checks on t h e  e m i t t e r  

d i f f u s i o n  are performed by measuring t h e  r e s i s t a n c e  of 

t h e  pinch r e s i s t o r s .  These two in - .p rocess  checks  should 

. . , , ell.mrna.t-e one maln problem, r e p e a t a b i l i t y  of c1evj.ces and. 

r e s i s t o r s  from run t o  run .  



F i g u r e  3.4-5 Standard Test T r a n s i s t o r  



F i g u r e  3.4-6 Standard Test Trassistor w i t h  

C-B and E-R Field Plates 



F i g u r e  3.4--7 S t anda rd  Test Transistor w i t h  

C-E F i e ld  Plate 

-- - 
---- 

F t t e r  ' 

--- -----.--- 

-1 L ----.< --- 

[Base 1 
l------ - - 



Figure 3 , 4 - 8  Test Structure for Oxide 

Surf ace Conductance 



Radia t ion  E f f e c t s  - 

The e f f e c t s  of t h e  r a d i a t i o n  a r e  considered t o  be  

d i sp lacement  and ionj-zing.  Chemical e f f e c t s  a r e  

no t  consj-dered s i n c e  t h e r e  a r e  ve ry  few mobile i o n s  

i n  t h e  mater ia - l  which can exchange charge.  Two 

t y p i c a l  s p e c i e s  which a r e  a s s o c i a t e d  wi th  chemical  

3- e f f e c t s  a r e  N' and O2 t o  form NO . Sur face  e f f e c t s  

were cons idered  t o  be n e g l i g i b l e  s i n c e  a  non-se lec t ive  

e x t r i n s i c  base  d- i f fus ion  i s  performed t o  i n c r e a s e  t h e  

base  s u r f a c e  concen t r a t i on  and. hence reduce base  

i n v e r s i o n .  The two major e f f e c t s ,  d isplacement  and 

i o n i z a t i o n  a r e  considered i n  t h e  fol-lowing t e x t .  The 

approach i s  t o  reduce a l l  d i sp lacement  damage e f f e c t s  

t o =  an e f f e c t i v e  neu t ron  d.osage and a l l  i o n i z i n g  e f f e c t s  

t o  a n  e f f e c t i v e  garnrna dosage.  

The e n e r g i e s  g iven  a r e  assumed t o  be monoenerge-tic 

l e v e l s  r e s u l t i n g  from a p a r t i c l e  average over  an  energy 

i n t e r v a l .  The spectru-m i s  g iven  i n  Table 3.5-1 as an 

aid. i n  i l l u s t r a t i n g  t h e  r e l a t i v e  energy l e v e l s  of t h e  

d i f f e r e n t  p a r t i c l e s .  

3 .5 .1  I o n i z i n g  E f f e c t  --- 
I n  o r d e r  t o  de te rmine  t h e  i o n i z i n g  e f f e c t  of t h e  e l e c t r o n  

and p ro ton  dosages ,  it was neces sa ry  t o  de te rmine  t h e  

s topping  power of t h e  p a r t i c l e s  i n  s i l i c o n .  The s topping  

power o r  energy Loss per u n i t  p a t h  l eng th  :( 
-de/ pdx) F7ctS 

assumed t o  be t h e  r e s u l t  of i n e l z s t i c  c o l l ~ ~ s i o n s .  The 

1-1-23 



TABLE 3.5-1 Radiation Levels 



s topp ing  power f o r  s i l i c o n  w a s  determined by us ing  t h e  

exper imenta l  d a t a  f o r  aluminum and making t h e  proper  

convers ion  f o r  t h e  a tomic number and a tomic mass of 

s i l i c o n .  P o i n t s  on t h e  s topping  power cu rves  f o r  s i l i c o n  

a s  determined by t h e  above method were checked a g a i n s t  d a t a  

f o r  10 and 100 MEV pro tons  g iven  i n  r e f e r e n c e  1 and 

were found t o  be  i n  good agreement. The s topping  polver 

curve  f o r  e l e c t r o n s  was determined from p o i n t s  g iven  i n  

t h i s  r e f e r e n c e  a l s o .  These p o i n t s  were checked. a g a i n s t  

c a l c u l a t e d  p o i n t s .  The equa t ions  used t o  check t h e  

cu rves  a r e  e s s e n t i a l l y  t h e  energy l o s s  equa t ions  a s  

de r ived  frdln Ruther ford  s c a t t e r i n g  a s  g iven  i n  r e f e r e n c e  

2 o r  r e f s r e n c e  3. The r e s u l t i n g  s topp ing  power of  

e l e c t r o n s  and p ro tons  i n  s i l i c o n  i s  g iven  i n  F igu re  3.5-1. 

The energy depos i t ed  p e r  s e c  pe r  gram of s i l i c o n  i s  

g iven  by, 

dE N i n  MEV - -- 
p dx g m  - s e c .  

where d E  
pd" = s topping  power from F i g u r e  3.5-.1 

N = f l u x  r a t e  

Using t h e  f a c t  t h a t  1 Rad ( S i )  = erys/gm, we can 

f i n d  t h e  number of Rads r e s u l t i n c  ,in a  g iven  energy 

l e v e l  of e l e c t r o n s  o r  pxotons.  ' :, i s z  



Elec t ron  Energy (mev) 

1 0  

F i g u r e  3.5--1 Average Energy Loss Per  Un i t  

P a t h  Length f o r  E l e c t r o n s  and 

P ro tons  



 ad s j = (NdE) . MEV (1.6x10-* ----- Rads- gm) 
(sfc) p a r t .  lrdx) p a r t .  z z  ( MEV 

( ) 

The e f f e c t i v e  dosage of a  f i s s i o n  spec-trum of neu t rons  

i s  made us ing ,  

1 "/cm2-sec - 4 . 2  x  10 -11 Rads/sec 

The r e s u l t i n g  dose  r a t e  i s  then ,  

i. T o t a l  = .Xqi 
i 

Where i sums over  t h e  p a r t i c l e s  and gamma r a y s ,  The 

r e s u l t i n g  e f f e c t i v e  dose  r a t e  f o r  a l l  p a r t i c l e s  and 
< 

galnma r a y s  i s ,  

j T o t a l  = 3.2 x  1-0 3  R a w s e c  

Using t h e  c o l l e c t o r - s u b s t r a t e  j u n c t i o n  a s  wors t -case ,  

a  maximum photo c u r r e n t  of 2 0 0  x  amps i s  

determined.  

3.5.2 --.-EL D i s  lacement Damage 

The deg rada t ion  e f f e c t  on b e t a  was determined f o r  t h e  

p ro tons  from d a t a  found experimental- ly on s o l a r  c e l l s  

ope ra t ed  i n  t h e  Van Al l en  b e l t .  T h i s  in format ion  i s  

g iven  i n  r e f e r e n c e  4 ,  5  and 6. The damage c o n s t a n t  f o r  

p ro tons  and e l e c t r o n s  i s  given i n  F igu re  3.5-2. A 

-6 2 damage c o n s t a n t  KT of 1 .25  x 1 0  c m  /n-sec. was used 

f o r  neu t ron  darnage. The deg rada t ion  due t o  e l e c t r o n s  

i s  found t o  be  v e r y  smal l  a s  compared t o  that f o r  



Energy (Mev) 

F i g u r e  3.5-2 D i f f u s i o n  Length Damage C o n s t a n t s  

For  P r o t o n s  and E l e c t r o n s  



pro tons  and neu t rons .  The r e s u l t i n g  R Q terms a r e  
T 

shown below f o r  t h e  r e s p e c t i v e  p a r t i c l e s .  

0.176 x lo6 

Pro tons  

Neutrons 

- 1 x 1 d 2  

T o t a l  

Using t h e  equa t ion  for b e t a  deg rada t ion  

1 - ' =  1 - -+ w2 
6 4 6 0  2 Deb 

T +  

A . 1  = = W  2 
K T $  = 2 x 10 - -LO 

tB) ---- 2 Deb "T + 

I With a  1 micron base  width  and Deb = 25 cin '/see, t h e  

change i n  b e t a  i s  found.  

A (i.) = .02  

1-129 



3.5 .3  - S h i e l d i n g  -.-- Cons ide ra t ions  - 

A f t e r  c o n s i d e r a t i o n  of aluminum a s  a  s h i e l d  and 

c o n s i d e r i n g  t h e  reduced f l u e n c e  of t h e  LO MEV p ro tons ,  

t h e  new l e v e l s  were c a l c u l a t e d .  S ince  t h e  range  of 

t h e  30 and 1 0 0  MEV pro tons  i s  s o  l a r g e  i n  aluminum, 

0.438 and 3.70 crn r e s p e c t i v e l y ,  on ly  t h e  s5ield. ing of 

t h e  10 MEV p ro tons  was cons idered .  I t  was a-ssumed t h a t  

t h e  f l u e n c e  of t h e  30 MEV and 1 0 0  PlEV p ro tons  were no t  

reduced ,  A n  aluminum t h i c k n e s s  of t h r e e  p a t h  l e n g t h s  

( 0 . 0 6 3 ~ ~ 1 )  was used. w i t h  a  1 0  MEV pro ton  f lu-ence reduc- 

t i o n  of  1/8. The new l e v e l s  of r a d i a t i o n  w i t h  s h i e l d i n g  

a r e  g iven  below 

E l e c t r o n s  2 
-- $ (Par t ic les /crn  - ) 

1 x 1 0  1 3  
1 PIEV 

3  3  

P ro tons  

10 MEV 

3 .O 

100 



Neutrons - - 
- 

Total.  

Summary --- ..- 

I n  svmmary, t h e  i n v e s t i g a t i o n  i n d i c a t e s  t h a t  f o r  t h e  

La rges t  g e n e r a t i o n  volumn, I = 200 na-no-amp, and. 
PP 

consequent ly  n o t  a  s e r i o u s  problem. The b e t a  degrad- 

a t i o n  f o r  t h e  r a d i a t i o n  l e v e l s  g iven  r e s u l t  i n  pos t -  

r a d i a t i o n  b e t a  of g r e a t e r  t h a n  20 w i t h  no s h i e l d i n g .  

I f  t h e  s h i e l d i n g  i s  consid.ered., t h e  p o s t - r a d i a t i o n  

b e t a  i s  g r e a t e r  t h a n  30. These r e s u l t s  a r e  quoted 

f o r  a  p re - rad- ia t ion  b e t a  of 4 0  which i s  cons idered  

a c c e p t a b l e  f o r  t h e  p roces s  method be ing  used.. 



Two Layer M e t a l l i z a t i o n  -- 

Two l a y e r  n ~ e t a l - l i z a t i o n  development  was w e l l  i n  a n  

advanced s t a g e  p r i o r  t o  r e c e i p t  of t h e  CMMA c o n t r a c t .  

When t h e  c o n t r a c t  was r e c e i v e d ,  development  s t a t u s  

and r e s u l t s  w e r e  included.  as p a r t  of  t h e  CMfi'IA program 

r e p o r t i n g  a c t i v i t y .  

M e t a l l i z a t i o n  Design --- 

The p r o c e s s e s  f o r  i n t e r c o n n e c t i n g  S i  d-evices  w i t h  t h i n  

f i l m  aluminum m e t a l l i z a t i o n  have been deve loped  s u c h  

t h a t  t h e  e l e c t r i c a l  q u a l i t y  an6 r e l i a b i l i t y  of  such  

i n t e r c o n n e c t i o n s  i.s cormnonly q u i t e  h i g h  a t  most  f a c i l i t i e s  . 
A s  p a r t  o f  Phase  I ,  t h e  r e l i a b i l i t y  o f  aluminum i n t e r -  

c o n h e c t  w a s  re--examined. i n  l i g h t  of a p r o j e c t e d  1 0  y e a r  

m i s s i o n .  I t  h a s  been known f o r  some t i n 2  t h a t  aiuminum 

m e t a l l i z a t i o n  s u b j e c t e d  t o  c u r r e n t / h e a t  f a i l s  i n  a f a i r l y  

p r e d i c t a b l e  manner due t o  e , e c t r c r n i g r a t i o n .  T h i s  f a i l u r e  

mode i s  g e n e r a l l y  v e r y  l o n g  t e rm,  b u t  was c o n s i 6 e r e d  

wor thy o f  c o n s i d e r a t i o n  f o r  Phase  I.  Two of t h e  l a t e s t  

t e c h n i c a l  revi-ews on e l e c t r o m i g r a t i o n  a r e :  (1) "Procedura.P 

G u i d e l i n e s  f o r  R e l i a b i l i t y  Assessment  o f  Large-Sca le  

I n t e g r a t e d  C i - r c u i t s "  , RADC-TR-69-220, August  1969. 

( 2 )  "A B r i e f  Review of t h e  S t a t e  o f  t h e  A r t  and Some 

Recent  R e s u l t s  on E l e c t r o r n i g r a t i o n  i n  I n t e g r a t e d  C i r c u i t  

Aluminum ~ l e t a l l i z a t i o n "  , S. S p i t z e r  and  S. Schwar tz ,  

J .  Elec t rochem.  S o c . ,  116 ,  1368,  Oc tober  1969. --- ------ - -- 

A f t e r  r e v i e w i n g  s e ~ e r a . ~  s o u r c e s ,  t h e  f o l l o w i n g  c o n c l u s i o n s  



were reached:  

A )  No s a t i s f a c t o r y  theo ry  h a s  been p o s t u l a t e d  t o  e x p l a i n  

e l e c t r o m i g r a t i o n ,  b u t  s e v e r a l  e m p i r i c a l  d e s c r i p t i o n s  have 

been g iven ,  Most r e s u l t s  can be  desc r ibed  i n  t h e  form: 

MTEF = A e  (@/kT) -- 
J n  

where 

MTBF = Mean T i m e  Before F a i l u r e  

A = Cons tan t  f o r  a  g iven  f i l m  

p = E f f e c t i v e  a c t i v a t i o n  energy 

k = Eoltzmann 's  c o n s t a n t  

T = Absolute  Temperature 

n = Cons tan t  between 2 a-nd 3 

J = Cur ren t  d e n s i t y  ( c u r r e n t  p e r  u n i t  

c r o s s - s e c t i o n a l  a r e a )  

E )  Due t o  t h e  extreme slowness of t h e  phenomenon a t  

normal stress l e v e l s  a l l  i n v e s t i g a t i o n s  have been a t  

h igh  s t r e s s  l e v e l s .  The r e s u l t s  of d i f f e r e n t  i n v e s t i -  

g a t o r s  do n o t  a g r e e  a s  t o  t h e  v a l u e s  of t h e  c o n s t a n t s  

r e l a t i n g  PITRF, J ,  and T i n  t h e  r e l a t i o n  above, 

C )  I t  i s  found,  however, t h a t  t h e  "exac t "  v a l u e s  of t h e  

c o n s t a n t s  become r e l a t i v e l y  unimportant  a s  t h e  d a t a  i s  

ex t ra -po la ted  from h igh  s t r e s s  l e v e l s  t o  normal s t r e s s  

l e v e l s ,  For  t empera tures  less than  about  1 0 0 ~ ~  and 

c u r r e n t  d e n s i t i e s  l e s s  than about  l o 5  amps/crn2, HTBP 

5.s e x t r a p o l a t e d  t o  be g r e a t e r  t han  l o 5  hours  (10 y e a r s )  

r e g a r d l e s s  of d i sagreements  between r e p o r t e d  r e s u l t s  a t  

cceS.  h igh  ~ t r e . , ~  



From t h e  above, i t  i s  obvious t h a t  t o  o b v i a t e  t h e  e f f e c t  

of e l e ~ t r o r n ~ g r a t i o n ,  t h e  c u r r e n t  d e n s i t y  and/or o p e r a t i n g  

tempera ture  must n o t  be allowed. i n  a  high s t r e s s  c o n d i t i o n .  

Informat ion from JPL ind ica- tee  t h a t  t empera ture  du r ing  

t h e  miss ion  w i l l  be w e l l  below 1 0 0 ~ ~ .  The c u r r e n t  d e n s i t y  

l e v e l  i s  sub jec t ed  t o  des ign  c o n t r o l .  With t h e  d e s i r e d  

low l e v e l  d e n s i t y  i n  mind, proposed CIflX4 c i r c u i t  de s igns  

c a l l  f o r :  

A) 5.8 x l o 4  Atnp/cin2 maximum i n  t h e  t o p  l e v e l  aluminum 

buss  l e a d i n g  t o  e i t h e r  Vcc o r  Ground Bonding Pad. (35mA/2 

m i l s  x 50y1"1 

4 B1 1 .5  x 1 0  Amp/cm2 maximum - i n  t h e  bottom l e v e l  alurni- 

nu.m buss  l i n e s .  (6m~/2 m i l  x 3 5 ~ " )  . 

C )  = 4 . 1  x 10' 2U-np/cm2 iiiaxiniuni -- i n  t h e  s m a l l e s t  aluminum 

l e a d . ~  t o  S i l i c o n  c o n t a c t  a p e r t u r e s ,  (2.5ntA/$ m i l  x 3 5 ~ " )  

The e f f e c t i v e n e s s  of t h e  proposed des ign  w i l l  n a t u r a l l y  

be  suh jec- t  t o  r e l . i a b i l i t y  t e s t i n g  i n  l a t e r  phases .  

3 .6 .2  Deposited Dj -e l ec t r i c  Design .~.-._--. --..-----*-- .--- 

The m u l t i - l e v e l  requirement  of  t h e  CI'TMA n e c e s s i t a t e s  

f a b r i c a t i o n  of two l a y e r s  of alu-minurn s e p a r a t e d  by a  

d i e l e c t r i c .  

During e a r l y  development work i t  had been found t h a t  S i02  

had t h e  most d e s i r a b l e  d i e l e c t r i c  c h a r a c t e r i s t i c s  f o r  

s a t i s f y i n g  t h i s  e l e c t r i c a l  i s o l a t i o n  f u n c t i o n .  These 

c h a r a c t e r i s t i c s  are: 

A )  Low D i e l e c t r i c  Constant  - about  4.0 

B)  High D i e l e c t r i c  S t r eng th  - 2 t o  6  x 10' V/crn Break- 



down F i e l d  

' 6  - 1 0  C )  High R e s i s t i v i t y  - 1 0 -  
18 ohm - cm 

D )  High S t a - b i l i t y  - I n e r t  t o  most thermo--chemical 

deg rada t ion  modes. 

A d d i t i o n a l l y ,  t h i n  f i l m  Al-Si02 -A1  geometr ies  have been 

r e p o r t e d  t o  be s imple  t o  f a b r i c a t e  and t o  be f r e e  of t h i n  

f i l m  e f f e c t s  which occur i n  some o t h e r  d i e l e c t r i c s .  

The two main techniques  f o r  d e p o s i t i n g  S i02  f i l m s  - 
chemical  vapor d e p o s i t i o n  and r a d i o  f requency s p u t t e r -  

i n g  - had been r e p o r t e d  t o  produce f i l m s  of s i m i l a r  

c h a r a c t e r i s t i c s .  To o b t a i n  f i r s t  hand. comparison of 

t h e  two t echn iques ,  a  comparison of s p u t t e r e d  oxide 

v e r s u s  s i l a n e  ox ide  ve r sus  - combination s p u t t e r e d  and 

s i l a n e  ox ide  was performed on AX--Si02-A1 t e s t  geometr ies  

f a b r i c a t e d  in-house.  Though t h e  i n i t i a l  performance of 

a l l  sarnples were comparable, t h e  s i l a n e  oxide samples 

had s u p e r i o r  y i e ld  c h a r a c t e r i s t i c s  t o  p o s t - f a b r i c a t i o n  

high tempera ture  s t r e s s .  

The p r o c e s s  des ign  s p e c i f i c a t i o n  necessary  t o  f u l f i l l  

CfiQlA Phase I requirements  was t h e r e f o r e  designed around 

t h e  chemical  vapor d e p o s i t i o n  technique .  Since our  r)ro- 

j e c t i o n s  of JPL Phase I1 requi rements  were c o i n c i d e n t  

wi th  some of our  in-house m u l t i - l e v e l  p l a n s ,  some s e p a r a t e l y  

funded e f f o r t  which would be  a.ppJ.icable t o  Phase I1 i s  

a l r e a d y  i n  p rog res s .  

3 . 6 . 3  ' --_c---r'.. Processincr 
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I n  o r d e r  t o  t e s t  o u r  c a p a b i l i t y  i n  t h e  m u l t i - l e v e l  

m e t a l l i z a t i o n  a r e a ,  a  t e s t  maslc s e r i e s  was g e n e r a t e d .  

These masks a l l o w  t h e  f a b r i c a t i o n  of  m u l t i - l e v e l  

s t r u c t u r e s  c o n t a i n i n g  200, 100 ,  50,  4 0 ,  30, 25,  and 1 0  

c r o s s o v e r  p o i n t s  o f  1 s q u a r e  m i l  ea-ch, F i v e  r u n s  were 

p r o c e s s e d  u s i n g  t h e  t e s t  masks t o  d e m o n s t r a t e  t h a t  w e  

c o u l d  s u c c e s s f u l l y  f a b r i c a t e  m u l t i - l e v e l  s t r u c t u r e s .  

The q u a l i t y  o f  t h e s e  m u l t i - - l e v e l  s t r u c t u r e s  was e x c e l -  

l e n t .  Most s l - i c e s  had v i s u a l l y  p e r f e c t  oxid-e. O n  t h e  

few sl ices t h a t  d i d  have  o x i d e  d-amage, e l e c t r i c a l  t e s t i n g  

v e r i f i e d  t h e  poor  q u a l i t y  of  t h e  o x i d e .  

Runs 3 ,  4 ,  and  5  w e r e  e l e c t r i . c a . l l y  tested. (on s l i c e )  

and f o u n d , t o  b e  of e x c e l l e n t  q u a l i t y .  T y p i c a l l y ,  l e s s  

t h a n  1 0 %  f a i l u r e  rates  w e r e  obse rved  f o r  stress l e v e l s  

between 5  and 100 v o l t s .  ( F a i l u r e  c r i t e r i o n  was l e a k a g e  

g r e a t e r  t h a n  5pA). 

Ho~wever, t h e  s e l f - r e p a i r i n g  tendency of  f a i l u r e s  i n  t h i s  

s t r u c t u r e  made a  c o n c l u s i v e  Q u a l i t y  A n a l y s i s  e x t r e m e l y  

d i f  f i c u 1 . t .  

Three  s u b s e q u e n t  r u n s ,  6 ,  7 ,  and 8 w e r e  p r o c e s s e d  t o  

pr0vid.e t e s t  v e h i c l e s  f o r  a  r e l i a b i l i t y  s t u d v .  The pro-  

c e s s i n g  of t h e s e  r u n s  was c o n s i d e r e d  a n  improvement o v e r  

t h e  p r o c e s s i n g  f o r  e a r l i e r  r u n s .  Fi1.n t h i c k n e s s e s  f o r  

t h e s e  r u n s  conformed t o  c i r c u i t  r e q u i r e m e n t s .  These r u n s  



i nco rpo ra t ed  e l even  p roces s  va r i a . t i ons ,  Some v i s u a l l y  

good c i r c u i t s  from t h e s e  runs  have been packaged. 

E l e c t r i c a l  t e s t i n g ,  and t h e  r e l i a b i l i t y  s tudy ,  w i l l  

u l t i m a t e l y  determine t h e  q u a l i t y  of t h e s e  s t r u c t u r e s  

and t h e  p roces s ing  s t e p s  used.. 

T e s t i n g  

E l e c t r i c a l  t e s t i n g  of m u l t i - l e v e l  s t r u c t u r e s  can b e  

broken dowr, i n t o  t i t 7 0  c a t e g o r i e s .  

1) C h a r a c t e r i z a t i o n  of good/bad s t r u c t u r e s  

(maximum a-l lowable leakage c u r r e n t  c r i t e r i a )  

6 volt/room tempera ture  i s  cons idered  non-- 

d e s t r u c t i v e .  

2 )  Temperature/Voltage S t r e s s i n g  . 

Tes t ing  i n  ca tegory  I1 i s  covered i n  d e t a i l  i n  t h e  

r e l i a b i l i t y  r e p o r t .  

The fo l lowing  good/ba.d c h a r a c t e r i z a t i o n s  have been done: 

A.  176 packaged u n i t s  from run  4 were t e s t e d  good/bad 

( c r i t e r i o n :  5yA of leaks-ge) a t  6 v o l t s .  The f a i l u r e  

r a t e  f o r  t h e s e  u n i t s  h a s  8 1 % .  This  was cons idered  

t o  be  due t o  two f a c t o r s  : 

a )  p roces s ing  s t e p s  were n o t  cons ide red  t o  be  near-  

optimum . 
b )  f i l m  t h i c k n e s s e s  were cons idered  t o  be d e l e t e r i o u s  

t o  s t r u c t u r e  q u a l i t y .  

Consider ing t h e s e  two p o i n t s ,  t h e  h igh  r a t e  of f a - i l u r e s  

was n o t  cons idered  s i g n i f  ica-nt .  



B.  1100 Packaged u n i t s  from r u n s  6 ,  7 ,  and 8 a r e  

c u r r e n t l y  being t e s t e d  good/bad ( c r i t e r i o n :  5 y.A 

l eakage)  a t  6 v o l t s .  A s  p r ev ious ly  mentioned, 

ho th  t h e  p roces s ing  s t e p s  and t h e  f i l m  thic lcnesses  

f o r  t h e s e  runs  a r e  cons idered  improvements from 

e a r l i e r  work. No yield.  d a t a  i s  c u r r e n t l y  a v a i l a b l e .  

I t  should be noted t h a t  a l l  u n i t s  t11a.t t e s t e d  good. per-  

formed up t o  t h e  c a p a b i l i t i e s  of t h e  bulk m a t e r i a l .  

That  i s ,  good u n i t s  demonstrated e l e c t r i c a l  breakdown 

a t  t h e  d i e l e c t r i c  breakdown s t r e n g t h  of amorphous SiO 
2 

(2-6 x l o 6  V/cm). No materia1.s o r i e n t e d  probl-ems have 

been observed.  

P re l imina ry  i n d i c a t i o n s  from exper imenta l  runs  now i n  

p roces s  a r e  t h a t  we have made p r o g r e s s  towards f u r t h e r  

improving ou r  m u l t i - l e v e l  p roces s .  



T e s t  Ph i l sophy  

S u f f i c i e n t  t e s t i n g  of  the m e t a l l i z e d  Mul t iga t e  

Array must be  performed t o  i n s u r e  t h e  funct ional-  

and p a r a m e t r i c  i n t e g r j - t y  o f  t h e  packaged a r r a y ,  

w i th  adequa te  performance 111argins such t h a t  

con t inued  o p e r a t i o n  may be a s su red  i-n i t s  

o p e r a t i n g  environment,  p a r t i c u l a r l y  t h e  p o s t  

r a d i a t i o n  environment.  

This  s e c t i o n  c o n t a i n s  t hen  a d i s c u s s i o n  o f  t e s t  

methods which may be  used t o  a s s u r e  t h e s e  charac-  

t e r i s t i c s .  Methods d i scussed  i n c l u d e  programmable 

f u n c t i o n a l  t e s t i n g  which can be used t o  tes t  t h e  

packaged l o g i c  func t ion  a t  t h e  v o l t a g e  and temp- 

e r a t u r e  kxtremes r e q u i r e d ,  p rob ing  i n d i v i d u a l  g a t e  

c e l l s ,  and wafer  and d i e  q u a l i f i c a t i o n  through t h e  

use  o f  t e s t  dev ices  on t h e  d i e .  

3 .7 .1  -- Func t iona l  and Pe rame t r i c  -- T e s t i n g  

Func.tiona1 and pa rame t r i c  t e s t i n g  of  t h e  m e t a l l i z e d  

a r r a y  w i l l  be performed w i t h  t h e  use  of a  pro- 

grammable t e s t e r  which w i l l  a c c e p t  t e s t  programs t o  

e x e r c i s e  a l l  f u n c t i o n s  and thereby  a s s u r e  t h e  

i n t e g r i t y  o f  t h e  a r r a y .  A t  package l e v e l ,  t h e  a r r a y  

may be  t e s t e d  a t  bo th  tempera ture  and v o l t a g e s  

extremes wi th  t h i s  system. 

A s i m p l i f i e d  block diagram of  t h e  t e s t e r  t o . b e  b u i l t  



as p a r t  of t h i s  c o n t r a c t  i s  shown i n  F igure  3.7-1. 

The t e s t e r  c o n s i s t s  of i n p u t  s h i f i  r e g i s t e r s  which 

w i l l  be loaded by a  t a p e  r e a d e r  i n t e r f a c e .  Once 

t h e  r e g i s t e r s  a r e  loaded., t h e  m e t a l l i z e d  a r r a y  i s  

e x e r c i s e d  and i t s  o u t p u t s  compared w i t h  t h e  c o r r e c t  

o u t p u t  i n  t h e  comparator b lock .  

Such a t e s t e r  w i l l  be  h i g h l y  f l e x i b l e , . s i n c e  t h e  

d e s i g n a t i o n  of  s h i f t  r e g i s t e r  o u t p u t s  t o  e i t h e r  t h e  

i n p u t s  of  t h e  m e t a l l i z e d  a r r a y  o r  t o  t h e  comparator 

b lock  i s  t o t a l l y  a r b i t r a r y .  The re fo re ,  t h e  l i m i t -  

a t i o n s  on tes t  c a p a b i l i t y  i s  t o t a l  p in  count  r a t h e r  

t han  a s p e c i f i c  number o f  i n p u t s  and o u t p u t s .  One 

tester then  ca.n be programmed t o  t e s t  any l o g i c  

f u n c t i o n  b u i l t  wi th  t h e  a r r a y .  The use  of a  t a p e  

r e a d e r  t o  load  t h e  i n p u t  s h i f t  r e g i s t e r s  a l lows t h e  

d i r e c t  use  of a computer o u t p u t  which may be used t o  

g e n e r a t e  and/or v e r i f y  t h e  v a l i d i t y  of  a  t e s t  program. 

Once a t e s t  program i s  loaded ,  t h e  t e s t e r  may be 

a u t o m a t i c a l l y  o r  manually sequenced through t h e  t e s t  

program t o  t e s t  any number of u n i t s  o f  a  g iven type .  

It may be f e a s i b l 3  t o  i n c l u d e  i n  t h i s  t e s t e r  t h e  

c a p a b i l i t y  t o  t e s t  t h e  t r a n s i e n t  c h a r a c t e r i . s t i c s  of 

t h e  m e t a l l i z e d  a r r a y  even though t h e  o p e r a t i o n  of 

t h e  s h i f t  r e g i s t e r s  may be r a t h e r  slow. The o u t p u t s  

of  t h e  s h i f t  r e g i s t e r  can be buffered wi th  a h igh  

speed F l ip -F lop .  App l i ca t ion  of  a  given set of  t e s t  



i n p u t s  t o  t h e  a r r a y  and t o  t h e  comparator can t h u s  

be si.mu1taneousl.y i n i t i a t e d . .  A v a r i a b l e  de l ay  s t r o b e  

of t h e  compa.ra.tor bloc]-, w i l l  t hen  prov ide  an i n d i c a t i o n  

of t h e  minirnunt de l ay  t ime of  t h e  u n i t  under t es t .  

Environmental Tes t i n s  

Temperature t e s t i n g  i s  expected t o  be performed wi th  

t h e  u s e  o f  a  c a l i b r a t e d  t h e r m o e l e c t r i c  probe p l aced  i n  

c o n t a c t  wi th  t h e  case  o f  t h e  u n i t  under t e s t .  This  

has  t h e  advantages of e l i m i n a t i n g  t h e  requi rement  f o r  

c a b l i n g  i n t o  a  t empera ture  chamber wi th  a t t e n d a n t  

problems. A case  tempera ture  c o n t r o l l e d  t e s t  i s  more 

r e p e a t a b l e  t han  an ambient a i r  t empera ture  measurement 

s i n c e  t h i s  depends on such v a r i a b l e s  a s  t h e  m o u n t  of 

a i r  f low and t h e  l e n g t h  of  t ime t h a t  power i s  a p p l i e d  

t o  t h e  u n i t .  

The packaged u n i t  may t h e r e f o r e  be t e s t e d  a t  both  temp- 

e r a t u r e  and v o l t a g e  extremes wi th  v a r i a b l e  l oads  placed 

on t h e  o u t p u t s  t o  ensu re  adequate  f a n o u t  s a f e t y  margins 

on t h e  a r r a y  o u t p u t .  This  g i v e s  t h e  c a p a b i l i t y  of 

a s s u r i n g  o p e r a t i n g  s a f e t y  margins by t e s t i n g  t h e  u ~ i t  

a t  wor s t  ca se  c o n d i t i o n s .  For t h e  problem o f  p o s t  

r a d i a t i o n  f u n c t i o n ,  low v o l t a g e ,  low tempera ture  

t e s t i n g  can be employed. 

S ince  t h e  p r i n c i p l e  r a d i a t i o n  e f f e c t  i s  beta. deg rada t ion  

as d i s c u s s e d  i n  Sec t ion  3.5 and t h e  minimum b e t a  



requirement  i s  t h e  most s t r i n g e n t  a t  low tempera ture ,  

low v c l t a ~ e  ex t remes ,  f u n c t i o n a l  i n t e g r i t y  under t h e s e  

condikio.ns would ensu re  wors t -case  rninimum c u r r e n t  g a i n .  

With t h i s  minin-urn p r e - r a d i a t i o n  b e t a ,  knowledge o f  b e t a  

and r e s i s t o r  t empera ture  c o e f f i c i e n t s ,  a.nd. t h e  b e t a  

deg rada t ion  f a c t o r ,  a  p o s t  r a d i a t i o n  minimum temperature '  

and v o l t a g e  o p e r a t i n g  p o i n t  can be  c a l c u l a t e d .  Th i s  

approach may be as v a l u a b l e  a s  ind iv id-ua l  g a t e  probe i n  

a s s u r i n g  p o s t  r a d i a t i o n  func t i -on ,  I n  a d d i t i o n ,  it i s  

t h e  l e a s t  expensive i n  terms of  a d d i t i o n a l  hardware and 

sof tware  requirements  , ad -d i t i ona l  p roces s ing  s t e p s ,  

hand l ing ,  and d i e  a r e a .  

~ n h i v i d u a l  Gate Probe --- 
An a l t e r n a t i v e  method t o  ensu re  adequate  o p e r a t i n g  s a f e t y  

margins i s  t o  implement probe l e v e l  t e s t  o f  t h e  i n -  

d i v i d u a l  g a t e s .  With t h i s  approach xoo~n tempera ture ,  

D . C . ,  c h a r a c t e r i s t i c s  of  f anou t  c u r r e n t ,  "0" i n p u t  

c u r r e n t s ,  and t h r e s h o l d s  may be t e s t e d .  Measurement 

of l eakage  c u r r e n t s  a t  t y p i c a l  l e v e l s  expec ted  ( l e s s  

t han  1 nA) i s  n o t  f e a s i b l e  a t .  probe s i n c e  t h e  presence  

of l i g h t  on t h e  d i e  and of e l ec t romagne t i c  r a d i a t i o n  

from o t h e r  equipment would t o t a l l y  mask measurements 

of  such low magnitu.de . 

The probe approach most l i k e l y  t o  r e s u l t  i n  a r e l i a b i l i t y  

advaii tags i s  t o  probe a t  a  p o i n t  i n  t h e  p roces s  beyond 

which t h e  l e a s t  p roces s ing  remains ,  and which adds t h e  
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l e a s t  a d d i t i o n a l  s t e p s  i n  t h e  p r o c e s s .  The re--  

corrmended approach i s  probe a f t e r  t h e  d i e l e c t r i - c  

l a y e r  between meta l  l a y e r s  has  been app l i ed  and v i a ' s  

opened. This  r e q u i r e s  ove r - s i ze  v i a ' s  t o  accomodate 

t h e  probe t i p .  The minimum v i a  s i z e  and spac ing  t h a t  

may be used w i t h  t h e  probe methods s t u d i e d  i s  2 1 / 2  

m i l  s qua re  v i a ' s  w i t h  6 mil  spac ing .  To probe each 

i n p u t  and o u t p u t  would more than  double t h e  d i e  a r e a .  

A l t e r n a t i v e l y ,  t o  probe one i n p u t  p l u s  t h e  o u t p u t  

r e q u i r e s  an i n c r e a s e  o f  3 6 % .  The most p r e f e r a b l e  

probe system s t u d i e d  i s  a fixed. point:  probe system which 

u t i l i z e s  a probe wi th  a go ld  b a l l  t i p .  The fixed. p o i n t  

approach has  t h e  advantage t h a t  se t  up t ime and probe 

al ignment accuracy a r e  improved. S ince  t h e  probe 

p a t t e r n  i s  f i x e d  and may be a c c u r a t e l y  matched t o  t h e  

d i e  p a t t e r n ,  t h e r e  i s  reduced danger of probes n o t  

s t r i k i n g  t h e  pads .  The gold t i p  w i l l  be r a t h e r  s o f t  

and t h e  c o n t a c t  w i l l  n o t  be a s h a r p  p o i n t ,  t h u s  t h e  

danger of f r a c t u r i n g  t h e  oxide under t h e  probe pad i s  

reduced.  F a c t o r s  t h a t  have y e t  t o  be determined and 

which can on ly  be determined by a c t u a l  t e s t i n g  o f  t h e  

s y s t c  ;, a r e :  1) D i f f i c u l t y  i n  v i s u a l l y  a l i g n i n g  t h e  

prob< ;ird on a d i e  such t h a t  t h e  probes  s t r i k e  t h e  

pads ?lout touching  t h e  ox ide  around t h e  pad; 2 )  I f  

t h e  . -? does s t r i k e  t h e  ox ide ,  what w i l l  be t h e  

e x t -  1 t h e  c r ack ing ;  t h a t  i s ,  can it be l o c a l i z e d  

t o  7 r e a  a t  .the edge of  tile pad, o r  w i l l  c r acks  

I? To- te i n t o  a r e a s  which will have second l e v e l  
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m e t a l l i z a t i o n  over  them. 

The parameters  t h a t  can be v e r i f i e d  d i r e c t l y  a t  probe 

and n o t  a f t e r  m e t a l l i z a t i o n  and pacl;aging a r e  f anou t  

c u r r e n t s  and i n p u t  tlzreshold-s o f  i n t e r n a l  g a t e s .  

I npu t  p u l l u p  r e s i s t o r  v a l u e s  may a l s o  be measured a t  

probe.  

R e s i s t o r  va lues  may be i n f e r r e d  a-t package l e v e l  from 

a measure of  t o t a l  power d i s s i p a t i o n .  I n p u t  threshold-s  

a r e  most s t r o n g l y  dependent on forward d iode  v o l t a g e s  

and r e s i s t o r  r a t i o s ,  which a r e  n o t  p r i m a r i l y  a f f e c t e d  

by r a d i a t i o n  l e v e l s .  This  l e a v e s  f a n o u t  c u r r e n t  and 

t h e r e f o r e  a  measure of  i n i t i a l  b e t a  a s  t h e  most s i g n i f i -  

c a n t  parameter  t h a t  can be  v e r i f i e d  wi th  an i n d i v i d u a l  

g a t e  probe.  

The d i sadvantages  t h a t  must be  cons idered  i n  making a 

d e c i s i o n  t o  i n ~ l e m e n t  i n d i v i d u a l  g a t e  probe a r e  t h e  

c o s t s  i n  terms of d i e  a r e a ,  s o f t w a r e  and hardware 

necessary  t o  implement t h e  probe ,  account ing problems 

i n  main ta in ing  i d e n t i t y  o f  u n i t s  t e s t e d ,  and i n c r e a s e d  

power d i s s i p a t i o n .  The maximum va lue  f o r  a  g iven  

i n c r e a s e  i n  d i e  a r e a  can be gained by probing  one i n p u t  

and t h e  o u t p u t  of  each g a t e .  C e l l  e n e r g i z i n g  would be 

accomplished on a  row by row b a s i s  t o  minimize t h e  number 

o f  probe pads f o r  t h i s  purpose.  This  would enab le  gate 

t e s t i n g  t o  be accomplished on t h i s  same row by row b a s i s .  



1ncrea.se i n  d i e  a r e a  f o r  t h i s  approach i s  3 6 % .  The 

c e l l  e n e r g i z i n g  scheme would increa-se  t o t a l  power of  

t h e  m e t a l l i z e d  a r r a y  by a  maximum of 1 0 % -  

S p e c i a l  Tes t  S t r u c t n r e s  -- ------ 

Inc luded  i n  t h e  d i e  o r g a n i z a t i o n  d i scussed  i n  sec- t ion 

3 . 2  i s  p r o v i s i o n  f o r  s p e c i a l '  t e s t  c e l l s .  I n  ad-d i t ion ,  

some p o s i t i o n s  on each wafer  rnay be committed. t o  t e s t  

s t ru . c tu re s  by vary ing  one o r  both  l e v e l s  of m e t a l l i z a - t i o n  

from t h e  c i r c u i t  p a t t e r n .  

?'he t e s t  c e l l s  on each d i e  may be committed t o  g a t e s  01: 

i n d i v i d u a l  d e v i c e s ,  These c e l l s  may t h e n  be used t o  

q u a l i f y  t h e  d i e  a t  f u n c t i o n a l  probe l e v e l  o r  may be 

bonded o u t  i n  t h e  package f o ~  more exhaus t ive  t e s t i n g .  

Locat ing one of t h e s e  c e l l s  i n  each quadrant  of t h e  d i e  

a s  shown i n  f i g u r e  3 . 2 - 1  w i l l  g i v e  an ind i - ca t ion  o f  t h e  

parameter  uniforrnity a c r o s s  t h e  complete d i e .  

The wafer  t es t  p o s i t i o n s  will be used f o r  t e s t  s t r u c t u r e s  

t o  q u a l i f y  each wafer  through more thorough t e s t i n g  than  

i s  f e a s i b l e  a t  t h e  d i e  t e s t  p a t t e r n  l e v e l .  
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